Dissertation zur Erlangung des Doktorgrades
der Fakultat fir Chemie und Pharmazie
der Ludwig-Maximilians-Universitat Miinchen

Investigations of Click Chemistry Approaches towards Diagnostic
and Therapeutic Applications of Nucleic Acids

Eva Sophie Schonegger

aus

Klagenfurt, Osterreich

2024



Erkldrung
Diese Dissertation wurde im Sinne von § 7 der Promotionsordnung vom 28.

November 2011 von Herrn Prof. Dr. Thomas Carell betreut.

Eidesstattliche Versicherung

Diese Dissertation wurde eigenstandig und ohne unerlaubte Hilfe erarbeitet.

Minchen, 07.03.2024

Eva Sophie Schonegger

Dissertation eingereicht am: 07.03.2024
1. Gutachter: Prof. Dr. Thomas Carell
2. Gutachter: Dr. Pavel Kielkowski

Mdindliche Priifung am: 12.04.2024



Table of Contents

PUBIICATIONS LiST...eiiiiiiiiiiie it snr e s I
ACKNOWIEAGEMENTS ..ottt s e e e st e e s s s bae e e e s abaeeesesreeeesnns I
ADDIEVIATIONS ..t ettt e e e e bt et e e eaneeeaa v
Y o1y o - o1 TSPV Vi
Lo INTEFOQUCTION Lottt e et e st e e bt e e sabt e e sbeeesabeeesaneeenas 1
00 R O 1 To] 1 1= 4 0T 1) 4 YOS SPPP 1
1.1.1 Huisgen Azide Alkyne Cycloaddition ........cccuvvviieeiiiiciee e, 2
1.1.2 Copper Catalyzed Azide Alkyne Cycloaddition (CUAAC) .......ccoveiuiieeeiiiieeeceiiee e 3
1.1.3 Ruthenium Catalyzed Azide-Alkyne Cycloaddition (RUAAC) ........cceeeecvveeeinciieeennns 6
1.1.4 Strain Promoted Azide-Alkyne Cycloaddition (SPAAC) ........ccceeeviieeeeiiiee e 7
1.1.5 Accelerated Metal Free Click Reaction: Tetrazine Ligation........ccccccveveeeeeieccnnnnnnn. 8
1.2 Click Chemistry 0n NUCIEIC ACIHS .....ccuvvieierciiiiee ittt et e e e e e aae e e e 10
1.3 Application of Click-Functionalized Nucleic ACIdS.........ceivvciierieriiiie e 15
1.3.1 Therapeutic ApPlcations......ccccueiiiiiee e e 15
1.3.2 DiagnostiC APPlICAtIONS ..cceeieeiiiiieieee ettt e e e e e e e e e e nrreaeees 17
1.3.2.1 Metabolic LAbEHING......ccuvvieeeeee ettt e e rrree e e e 17
1.3.2.2 Next and Third Generation SEQUENCING ......ccevviiiieieeieecceee e 18
2. AIM OF thisS TRESIS ..eeeiiiiee e s 19
3. PUDIISh@A WOTKS ... 20
3.1, First PUBIICATION ..t 20
3.2. Second PUDIICAtioN ....coiiiiiiiiieieee e 29
4, UNPUDBIISNEA WOTK ...ttt e e e e s a e e e e e e e e e esanbarreeeeeeeeas 38
4.1. Click Chemistry Based Library Preparation for Direct cDNA Sequencing ..........c......... 38
g 0t 0 o o Lo =¥ SRR 38
4.1.2.Results and DiSCUSSION .....cccueerueieiiieriienieeeiee ettt enee e eas 39
4.2. Unpublished Data towards the 2" PUBlICation.........c.ocuevveveiveeviceieceeeeeeeeeee s 42
0 W o o] Lo Y= U SRR 42
4.2.2.ReSUILS aNd DISCUSSION ...ceiiuiiiiiiiiiiiiiieiiee ettt et st s 43

4.3 Click Modified Cu(ll)-Dependent Nucleic Acid-Based Artificial Ribonuclease for
Targeted Cleavage of SARS-CoV-2 GENOMIC RNA ......ooiiiiiiiiiirieeeee e eeaens 54
O T8 A = o Fo Y= { U TS PSPPI 54

4.3.2 RESUIES AN DISCUSSION «.eevenieeiieeeeeetee e ettt e e e etee e e eetesseetaeeseeteessesenessesennessesennans 57



4.4 Investigations towards Copper-Free Click Chemistry for Optimized mRNA Vaccine
DLV Z] (oY T4 0= | PRSPPI 70

4.4.1 Quantification of 3'-N3 Labelling and SPAAC with DBCO-Trimannose-Moiety for

baseclick’s mMRNA Vaccine Development .........c.ceeevciieeiieciiee e 70
I R o o] [ T~ U PSPPSR 70
4.4.1.2 ReSUlts and DiSCUSSION.....ccutiiiiiiiiiieeiee ettt ettt et e e e e 72
4.4.2 Circularization of an Oligoribonucleotide via SPAAC for Potential Circular mRNA
FAY o] o] [Tt | o 1SS 78
A N o o] [ T~ U PSP 78
4.4.2.2 Results and DiSCUSSION .....ccutiiiiiiiiiiiiiiee ettt 79
5. TheSiS DISCUSSION...cciiuiiiiiiiiiitieiiie ettt e st e e s e e e e s e e sans 85
6. Experimental Section of Unpublished Work..........ccoueiiiiiiiiiniiie e 90
6.1. General Experimental Section and MaterialS........cccceeeiviiiiiieiiiee e 90
6.2. Click chemistry-based library preparation and direct cDNA sequencing..................... 93
6.3 Experimental section of unpublished data towards the 2" Publication ..................... 95
6.3.1 Chemical SYNtNESIS ....uuiiiiiiiee e e e e e e eaees 95
6.3.1.1 Synthesis of 3-(2-(2-(2-tosyloxyethoxy)ethoxy)ethoxy)-N-[3-oxo-N-
(DBCO)propyl] propanamid (24)........cccueeeeeecieee e eecieee e e e aaeee e 96
6.3.1.2 Synthesis of y-DBCO-PEGA4-ATP (25).....uuurerieeeiiiiciiieeeeeeeeeeseiinrreeeeeeeeeeenrneeeens 97
6.3.1.3 Synthesis of y-allyl-ATP (26) ....cccceeeieiiiiireieeee et e e 98
6.3.1.4 Synthesis of 3'-azido-2',3'-dideoxyadenosine monophosphate (27) ............... 99
6.3.2 T4 PNK Catalyzed 5'-End Labelling Reaction .........ccccceeeevecciiiiieeeiee e, 100
6.4 Click-Modified Cu(ll)-Dependent Nucleic Acid-Based Artificial Ribonuclease for
Targeted Cleavage of SARS-CoV-2 GENOMIC RNA .....ooooiiiiiiiiireeee e 102
6.4.1 Synthesis of Internal C8-Alkyne Modified Oligonucleotides...........ccccuvvvveeeennnn. 102
6.4.2 CuAAC of N3-Cu-Ligand to Alkyne Modified Oligonucleotides..........cccccuvveeenn.n. 104

6.4.3 Binding Affinity Analysis of C8-Alkyne and Cu-Binding Ligand Clicked
Oligonucleotides towards Target, Off-Target Sequences via nPAGE.................. 111

6.4.3.1 Binding Affinity Analysis of C8-Alkyne and Cu- Ligand Clicked Oligonucleotides
towards Target, Off-Target without Cu(ll) -SOUrce ......cccoecuvveeeeciireeeciiieeeens 112

6.4.3.2 Binding Affinity Analysis of Selected Cu-Ligand-Clicked Oligonucleotides
towards Target, Off-Target with Cu(ll) SOUICe ......ccovuvveveeiieiieiciieeeeeee e, 112

6.4.4 Cleavage Analysis of Cu-Ligand-Clicked Oligonucleotides towards Target, Off-

6.4.5 Binding Affinity Measurement and Determination of Dissociation Constant Kp via
Microscale Thermophoresis (IMST) ..uuueeeei i 114



7.
8.

6.5 Investigations towards Copper-Free Click Chemistry for Optimized mRNA Vaccine
DLV 7T (oY o]0 0 =] | APPSR 116

6.5.1 Quantification of 3'-N3 Labelling and SPAAC with DBCO-Trimannose-Moiety for
baseclick’s mMRNA vaccine Development........ccuveeeeciieeecccieee e 116

6.5.2 Circularization of an RNA-RNA Oligoribonucleotide Assembly via SPAAC and

Enzymatic Ligation for Potential Circular mRNA Application.......c.ccccceevvciveeennnns 122
REFEIENCES ...ttt sttt e sb e s are e b e e bt e sseesreesnneeas 124
LY 01T 0T L o1 =T3S PSSRRR 133

8.1 Supporting Information of Published WoOrkK ..........ccceeiiviiiiiiiiiiiie e 133

8.2 NMR Spectra of Unpublished WOrk ..........ccooouiiiiioiiiieiceeee e 183



Publications List|

Publications List

Publications submitted towards this cumulative dissertation:

1. E. S. Schonegger, A. Crisp, M. Miiller, J. Fertl, S. Serdjukow, S. Croce, M. Kollaschinski, T.

Carell, T. Frischmuth, Bioconjugate Chemistry 2022, 33, 1789-1795.

2. E. S. Schonegger, A. Crisp, M. Radukic, J. Burmester, T. Frischmuth, T. Carell,

ChemBioChem 2023, e202300701.

Conference Presentations:

Poster presentation: “Modified mRNA SARS-CoV-2 Vaccine Development for Targeted
Delivery”. Third Annual RNA Therapeutics: From Concept to Clinic (June, 2021). Virtual Online
Meeting.

Oral presentation: “Click Chemistry applied for NGS and mRNA therapeutics”. NATURE-ETN 2"

Meeting (September, 2021). Virtual Symposium.

Poster presentation: “Click Chemistry enables rapid amplification of full-length reverse
transcripts for long read Next Generation Sequencing”. SCNAC 2022 — Symposium on

Chemistry of Nucleic Acid Components (June, 2022). Cesky Krumlov, Czech Republic.

Oral presentation: “Oligonucleotide based Therapeutic against SARS-CoV-2”. NATURE ETN 4t
Meeting (October, 2022). Dublin City University, Ireland.

Poster presentation: “Click Chemistry enables rapid amplification of full-length reverse
transcripts for long read Next Generation Sequencing”. The MINERVA Center for Bio-hybrid
Complex Systems scientific school and conference on “Bioinspired Complex Systems from

Basic Science to Practical Applications” (November, 2022). Israel.



Poster presentation: “Orthogonal End Labelling of Oligonucleotides through Dual
Incorporation of Click-Reactive NTP Analogues”. NATURE ETN 6t Meeting (November, 2023).

Chimie ParisTech, France.



Acknowledgements|

Acknowledgements

During the course of completing this doctoral dissertation, a number of individuals have
consistently offered me their support and guidance, whom | would like express my sincere
gratitude.

First and foremost, | would like to express my profound appreciation to Dr. Thomas
Frischmuth for his support and granting me the opportunity to pursue my doctoral studies at
the baseclick GmbH, and becoming part of the NATURE ETN project, that has received funding
from the European Union’s Horizon 2020 research and innovation program under the Marie
Sktodowska-Curie grant agreement No 861381.

| also want to convey my sincere gratitude to my University supervisor Prof. Dr. Thomas Carell
for welcoming me as PhD student and offering me a place within this group at the LMU. |
deeply appreciate his helpful advices, guidance and motivation throughout my research
endeavors.

| am profoundly indebted to Dr. Antony Crisp as his vital contributions played a pivotal role in
the success of my doctoral work. His tremendously valuable advices, constant motivation,
expertise and guidance extending beyond the Bavarian border, have provided indispensable
support. | am deeply grateful for having Antony by my side and appreciated his scientific
curiosity, interest and his help in all aspects of my doctoral studies.

Moreover, | would like to sincerely thank Dr. Markus Miiller for his support during my doctoral
studies. His valuable feedbacks and fruitful discussions helped my in the advancement of my
projects. | am tremendously grateful for his support.

My colleagues from the baseclick GmbH | wish to thank for their support and helpful advices,
especially Dr. Fabio Spada, Dr. Stefan Wiedemann and former colleague Dr. Stefano Croce. It
was a pleasure to work together and learn from you. Moreover, would like to thank my
students Jonas Burmester and Daniela Staudacher for their motivation and hard work which
contributed to the progress of my research projects. Also, | want to thank Dr. Marco Radukic,
from the Bielefeld University, for our fruitful and successful collaboration, together with
Antony. Prof. Dr. Andrew Kellett and Dr. Brionna McGroman | would like to thank for
welcoming me as a visiting student during my secondment at the DCU and introducing me to
their scientific expertise. Moreover, | am very grateful for the support of Dr. Nada Raddouri,

regarding all organizational matters.



One person that made my everyday lab-life more pleasant was Dr. Luis Montiel, my PhD
partner (in crime :). | more than enjoyed working in the lab next to you, our “dirty-water”
breaks, complaining together about the price increases at “Vor-Ort”, and (un)successful
experiments and HPLC data storage issues, but most important | am grateful for our developed
friendship that extended the baseclick lab-walls.

It was a great pleasure to be part of the Carell group, which undoubtedly enriched my time as
PhD student, scientifically as well as personally. All colleagues were extraordinarily
cooperative, which | deeply appreciated and | am especially happy to have met Kata and
Giacomo, who always accepted my annoying HPLC booking messages, and joined me for after
lab-dinner and/or boxing classes.

Additionally, | would like to express my gratitude to all ERS- colleagues from the NATURE ETN
project. The moments we shared during our training weeks and conferences were truly unique
and will be lasting memories of my PhD journey.

Deeply grateful | am for always having my friends from Austria by my side. You were and still
are constants in my life which pushed me through ups and downs!

Last but not least | want to extend my heartfelt appreciation to my parents and my sister Anni.
Your support and ongoing care (+ providing me with PhD-doping aka home-made products
from Carinthia :) were deeply cherished.

One significant acknowledgement is saved for the end- David, my biggest supporter during
this PhD-journey. Your constant encouragements, advices, patience, support in all aspects and

(very important :) suggests to chill now and then, were indispensable and truly valued.



Abbreviations

abs.
AcOH

Ac;0

aqg.
ADP
ATP

BuaN*
Bz

cDNA
CPG
Cu(Cl;0)2
CuSO4
Cy3/5

DCA
DNA
DBCO

DCM
DIPEA

DMF
DMSO
EDTA
ESI
EtOAC
EtOH
EtsN

adenine

absolute
acetic acid

acetic anhydride

aqueous
adenosine diphosphate
adenosine triphosphate

tetrabutylammonium
benzoate

cytosine
complementary DNA
controlled pore glass
copper(ii) perchlorate
copper sulfate

cyanin 3/5

desoxy

dichloro acetic acid
deoxyribonucleic acid

dibenzocyclooctyne/dibenzoaza
cyclooctyne

dichlormethane
n,n-diisopropylethylamine

dimethylformamide

dimethyl sulfoxide
ethylenediaminetetraacetic acid
electron spray ionisation

ethyl acetate

ethanol

triethylamine

equiv.

HBTU

HSQC

IBCF
iBu
MALDI
TOF

Abbreviations|

molar equivalents

guanine
2-(1H-benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium
hexafluorophosphate

heteronuclear single quantum
coherence

isobutyl chloroformate

isobutyryl

matrix-assisted laser
desorption/ionization time of flight

molar [mol/I]

methyl

methanol

megahertz

mass to charge ratio

sodium ascorbate

sodium hydrogen carbonate
nuclear magnetic resonance
revolutions per minute
saturated

thymidine
tris[(1-hydroxypropyl-1h-1,2,3-
triazol-4-yl)methyllamine

thin layer chromatography
3-(2-(2-(2-
(tosyloxy)ethoxy)ethoxy)ethoxy)pr
opanoic acid

tris(hydroxymethyl)aminomethane
uracil

percentage yield

mikro (107)

chemical shift

molar extinction coefficient
wavelength



Abstract

The work presented in this dissertation is aimed towards broadening the scope of click-
functionalized nucleic acids for emerging diagnostic and therapeutic applications. Herein,
investigations on the modification of nucleic acid building blocks through synthetic or
chemoenzymatic approaches were conducted, encompassing nucleotides, oligonucleotides,
and both DNA and RNA. Specifically, a novel click chemistry-based library preparation method
for Third Generation Sequencing was successfully introduced. We developed a
straightforward protocol, covering the full length of transcripts, as well as utilizing the well-
known advantages of click chemistry and thus avoiding problematic template switching
reactions. In a further exploration of post-synthetic nucleic acid click chemistry 5'-end labelling
of nucleic acids with click-functionalized moieties, enabling subsequent click reactions of
oligonucleotides with fluorescent dyes. This approach afforded the synthesis of y-phosphate
modified ATP analogues, the setup of a chemoenzymatic labelling assay and proof of
applicability, which are presented within this work. Towards therapeutic application, a Cu(l)
dependent click-modified artificial ribonuclease is introduced, aiming to enable a novel
approach for target specific cleavage of the genomic RNA of SARS-CoV-2, thus inhibiting viral
replication. Furthermore, investigations towards advancement of mRNA vaccine
development, by copper-free click chemistry were conducted. Herein, the efficiency of a 2-

step 3'end mRNA labelling and an approach to RNA circularization via SPAAC were examined.
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1. Introduction

1.1 Click Chemistry

The term “click chemistry” was coined by Barry Sharpless from the Scripps Research Institute,
in 2001 and describes a class of chemical reactions, that fulfill specific criteria and are
characterized by their high efficiency, selectivity, reliability and mild reaction conditions. 1 At
the same time, independently from Sharpless, Morten Meldal from the University of
Copenhagen, also discovered this groundbreaking reaction that links two molecules, an azide
and an alkyne in an straightforward manner.!? Since then, click chemistry has become an
indispensable technique to efficiently join molecules together, even in living cells, without
interfering with the cell function, which has been first shown by Carolyn Bertozzi from
Stanford University.®! For their discoveries towards “click chemistry” , which to this day, have
had profound impact across the fields of chemistry, biology and related research areas,

Bertozzi, Sharpless and Medal have been awarded for the Nobel Prize in Chemistry in 2022.[4

As mentioned above, the concept of click chemistry was pioneered by Kolb, Finn and
Sharpless, specifying a set of criteria. According to their definition, click reactions need to be
modular, broad in scope, high-yielding, stereospecific and generate no or minor byproducts
that can easily removed without the need of chromatographic methods. Moreover, the term
"click” conveys the notion of reaction conditions characterized by simplicity of execution, the
use of readily accessible starting materials, compatibility with aqueous or non-aqueous
solvents, that can easily be removed, and straightforward product isolation. The formed
products further need to be stable under physiological conditions.™! Sharpless and co-workers
defined four groups of bond formation, that fulfill the criteria mentioned above: a)
cycloadditions of unsaturated moieties (e.g. 1,3-dipolar cycloadditions, Diels-alder reactions),
b) nucleophilic substitution, especially ring-opening reactions of strained heterocyclic
electrophiles (e.g. epoxides, aziridines), ¢) non-aldol-type carbonyl chemistry (e.g. urea,
thiourea, amide formation) d) additions to C-C multiple bonds (e.g. epoxidation,

dihydroxylation, aziridination, Michael addition) (Figure 1)



R, o

ata ° "
R, _ [0]
) V Addition to C-C
a

Diels-Alder d) multiple bond

Cycloaddition

Nuc
RZ_N3 b)\

Nucleophilic
Ring Opening

Cu(l) catalyzed Huisgen
1,3-dipolar cycloaddition

Non-Aldol-Carbonyl
Chemistry

Figure 1. Schematic representation of reactions following the criteria of Click Chemistry. a) Cycloadditions of unsaturated
moieties. b) Nucleophilic substitution c) Non-aldol-type carbonyl chemistry. d) Additions to C-C multiple bonds. The Figure

was prepared in reference to Moses et al.l%!

1.1.1 Huisgen Azide Alkyne Cycloaddition

The Huisgen cycloaddition, a condensation reaction between organic azides with alkyne
groups forming 1,2,3-triazole linkages, has been widely exploited by organic chemists for
decades. The reaction is a concerted process, involving the pericyclic (2+3) cycloaddition of a
dipolarophile (delivering 2m electrons) with a 1,3-dipole (reacting as 4mn system), leading to the
formation of a 5-membered (heterocyclic) ring (Figure 2).18 The alkyne and azide moieties
are chemically unreactive towards most functional groups of biological substrates, such as
nucleic acids and proteins, and can be introduced into the scaffold of large molecules in a
straightforward manner.®) Nevertheless, the widespread utilization of the Huisgen
cycloaddition reaction was hindered due to the requirement of high temperatures, extended
reaction times, and the lack of regiospecificity, since both, 1,4- and 1,5-cycloadducts are
formed (Figure 2), whereas the regioselectivity of the reaction depends on the electronic and
steric effects of the reaction partners and is more or less predicable. °1% The slow conversion

2
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of the reaction can be attributed to the inherent stability of canonical alkynes. Only electron-
deficient alkynes can undergo this noncatalyzed cycloaddition through conjugate addition

mechanisms.[®!

1,3-Dipol Dipolarophil
4 VAL
® © CNC)
a) R,—N=N=N -<—> R,—N-N=N + R;——R;

R I G,
( e N
R;——R, - R,——R Rs @ R3

1,4-regiosiomer 1,5-regiosiomer

Figure 2. a) Starting materials for (3+2) cycloaddition. b) Mechanism of the Huisgen 1,3 diploar cycloaddition.!®!

1.1.2 Copper Catalyzed Azide Alkyne Cycloaddition (CUAAC)

A significant breakthrough was achieved by Meldal and Sharpless as they simultaneously
addressed the limitations of the Huisgen cycloaddition by introducing copper(l) as catalyst.[>
101 Their independent studies, reported in 2002, showed that Cu(l) accelerates the kinetics of
the azide-alkyne cycloaddition by 107-108 fold and further leads to the formation of only one
regioisomeric product, namely the 1,4-disubstituted-1,2,3 triazole (Figure 3a).[% 11 The
catalytic active Cu(l) source can be generated directly by the incorporation of Copper(l) salts,
such as Cul or CuBr, the oxidation of Cu(0) precatalysts, e.g. elementary copper, or prepared
the in situ by reduction of Cu(ll) salts, such as CuSO4*5H,0, with sodium ascorbate.® 12 The
latter one is more favorable, since the Cu(ll)/ascorbate aqueous system is more reliable
(producing purer Cu(l) species), cheaper and does not necessary require co-solvents, which
makes this system ideal for reactions with nucleic acids.®1%

Initially Sharpless et al., proposed that the stepwise Cu(l) catalyzed azide-alkyne cycloaddition
(CuAAC), is catalyzed by a mononuclear Cu(l) species.[?% In 2013, Fokin et al. however showed,
based on DFT calculations that a dinuclear copper intermediate enables the CUAAC (Figure

3b).[13



® 0 _ cul) RNy

R,—N=N=N~" + R,———H - .
a) H

1,4-regiosiomer

N Ry
N°- N
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R2 :\ H E [Cu]II
H+k [Cul =—————= R,—== H\%H,,
b) N oN-RY [Cu]
I
— R,—=—=—[Cu]"
R C
2 [Cu] R / -
NO /\ 3Ry
[CUJk N-N_R! oN X
// [N N [CU]
N () /[/CU] /
S R,—==—[Cu]"
\/
R [Cu]

Figure 3. a) Schematic representation of the Cu(l) catalyzed azide alkyne cycloaddition (CUAAC) b) Proposed mechanism of

the CuAAC with two copper atoms by Fokin et al.[13]

Following its initial discovery, the Cu(l)-catalyzed azide-alkyne cycloaddition has gained
widespread use across the realms of chemistry, biology, biochemistry, and biotechnology,
serving as a potent and versatile tool for multiple applications.! Since this chemical reaction
does not interact and interfere with a biological system, involves functional groups that are
not naturally present in biological systems and occurs at physiological conditions in a highly
selective and highly yielding manner, the CuAAC fulfills the requirements of a bioorthogonal
reaction. (141!

Since Cu(ll) displays the most stable oxidation state of copper, however Cu(ll) is catalytically
inactive, efforts to further stabilize the Cu(l) species have been investigated, where the
incorporation of polytriazole-based ligands showed, that the CuAAC can be significantly
improved (up to several thousand times faster; 10%-10* M~ s7).[% 1618 Moreover, by the use
of these ligands, the load of copper catalyst can be lowered significantly, thus leading to
decreased cytotoxicity. [*°! Particularly tris(triazole)-amine based ligands are widely used,
especially for CUAAC on nucleic acids, where the scaffold of the ligand is chosen depending on

the solubility of the applied chemicals and corresponding solvent conditions.[®! For the use of

4
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CuAAC in aqueous solution, e.g. with CuSOa, THPTA (tris(3-
hydroxypropyltriazolylmethyl)amine) and for CUAAC in organic solvents, e.g. with CuBr, TBTA
(tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyllamine) have become the most popular ligands
especially for click reactions on nucleic acids (Figure 4). 291 More recently, alternative
nontoxic ligands, such as BTTES (a sulfonic acid tris(triazolyl)amine derivative), BTTAA and
BTTP, have been explored for their ability to catalyze CUAAC bioconjugations, both in vitro and

in vivo. 19:20-21]

N N
. N el

K THPTA TBTA

BTTP: R;= tBu, R;="y " " OH NnRe
BTTAA: Ry= tBu, R,= % COOH 24
RN N
BTTES: R= tBu, Ry= E/\/O\sosH R lﬂ/\>_/ N
N:N / "
N
TEOTA: Ri=R,= %7 “COOEt N’
R2

Figure 4. a) Structures of THPTA (tris(3-hydroxypropyltriazolylmethyl)amine) and TBTA (tris[(1-benzyl-1H-1,2,3-triazol-4-
yl)methyllamine) ligand. b) Structures of further tris(triazolyamine) ligands to accelerate CUAAC.[9! BTTP (3-[4-{(bis[(1-tert-
butyl-1H-1,2,3-triazol-4-yl)methyllamino)methyl}-1H-1,2,3-triazol-1-yl]propanol), BTTAA (2-[4-{(bis[(1-tert-butyl-1H-1,2,3-
triazol-4-yl)methyl]-amino)methyl}-1H-1,2,3-triazol-1-yl]acetic acid ), BTTES (2-[4-{(bis[(1-tert-butyl-1H-1,2,3-triazol-4-
yl)methyllamino)methyl}-1H-1,2,3-triazol-1-yllethyl hydrogen sulfate), TEOTA (tris[(1-(2-ethoxy-2-oxoethyl)-1H-1, 2, 3-

triazol-4-yl)methyl]lamine).



1.1.3 Ruthenium Catalyzed Azide-Alkyne Cycloaddition (RUAAC)

While by CuAAC only the 1,4-disubstituted 1,2,3 triazole is provided with terminal alkynes, the
ruthenium catalyzed azide-alkyne cycloaddition (RUAAC) also enables the formation of 1,5-
disubstituted 1,2,3-triazoles with internal alkynes (Rz, R3, Figure 5) . The selectivity, however
depends on the Ru-catalyst, since only sterically hindered catalysts, such as
pentamethylcyclopentadienyl derivative (Cp*) like [Cp*RuCl;]2, or Cp*RuCl(COD) obtain the
1,5-disubstituted triazole only, while other derivates, such as Ru(OAc)2(PPhs), favor the
formation of the 1,4-disubstituted regioisomer.?223] The mechanism of these two metal
catalyzed azide-alkyne cycloadditions differ from each other, and thus the RUAAC, in contrast
to CuAAC, also tolerates internal alkynes, consequently enabling the formation of fully-
substituted 1,2,3-triazoles (Figure 5).1221 Due to its more demanding reaction conditions, the
utilization of RUAAC has been hindered compared to the CUAAC. Some investigations however
require 1,5-disubstitutes 1,2,3-triazoles, for example Tom Brown and co-workers studied the
different 1,2,3-triazole regioisomers in term of their potential for mimicking phosphodiester
backbones in nucleic acids.!> 24 Their study showed that the 1,5-disubstituted 1,2,3-triazole,
prepared by RUAAC, display higher replication kinetics than e.g. the 1,4-regiosiomer and it is

replicated precisely by polymerases.[?4

N
® O R Cp*RuCl(COD) N’ N
3

R1_N:N:N + Rz —

o

1,5-regiosiomer

Cp*RuCI(COD) =j§%

..-Ru

Figure 5. Schematic representation of the Ruthenium catalyzed azide-alkyne cycloaddition (RUAAC) with Cp*RuCI(COD)

catalyst (COD= cyclooctadiene) leading to the formation of the 1,5-disubstituted regioisomer.[22]



Introduction |

1.1.4 Strain Promoted Azide-Alkyne Cycloaddition (SPAAC)

The metal-free, strain promoted azide-alkyne cycloaddition was first reported by Bertozzi and
co-workers in 2004. With their approach they addressed the limitations of cytotoxic Cu-
catalyzed azide-alkyne cycloadditions, to achieve in vivo applications and introduced a (3 + 2)
cycloaddition between cyclooctynes and azides that can be performed under physiological
conditions without any catalyst.!® Initially the SPAAC was applied for ligations with glycans but
over the years the bioconjugation has also been employed in various other applications such
as for labelling or joining DNA strands.®! The driving force for this reaction comes from
significant bond angle deformation of the acetylene (almost 163°), and since this strain
reduces the energy of the alkyne's LUMO (lowest unoccupied molecular orbital), it is more
reactive and brings it closer in reactivity to the azide's HOMO (highest occupied molecular
orbital).? %1 By enhancing the ring strain, e.g. by introducing electron-withdrawing groups (e.g.
DIFO), or by attaching a 3-membered ring (BCN) the reactivity of cyclooctynes could be further
improved. [ 25-261 Most typically DBCO/DIBAC, DIBO, and BCN are employed in SPAAC, where
their reaction rates are between 0.2-0.5 M~ s, depending on specific condition (Figure 6).1'8
21 There are BARAC and TMTH which are even more reactive (up to 4 M1 s71), but exhibit poor
stability, leading to ring destabilization and further unwanted side reactions with natural
thiols.[2627] Although the SPAAC has been widely applied in bioconjugations for diagnostic and
therapeutic applications, the reaction exhibits some drawbacks, including much slower
reaction rates compared to the CUAAC and the formation of two regioisomeric triazoles when

e.g. DBCO is incorporated as the reactive cyclooctyne (Figure 6a).[° 25!
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Figure 6. a) Schematic representation of the strain promoted azide-alkyne cycloaddition with DBCO/DIBAC
(dibenzocyclooctyne/dibenzo-aza-cyclooctyne) leading to the formation of two regioisomers. b) Structures of typical strained
alkynes employed in SPAAC. DIBO=dibenzocyclooctyne, DIFO= difluorocyclooctyne, BCN= bicyclo[6.1.0]lnon-4yne,

BARAC=biarylazacyclooctynones, TMTH= tetramethylthiacycloheptyne.

1.1.5 Accelerated Metal Free Click Reaction: Tetrazine Ligation

Another bioconjugation reaction, which does not require metal catalysts is the tetrazine
ligation, based on inverse-electron-demand Diels—Alder reactivity. The origins of this reaction
are based on the studies of Thalhammer and co-workers from 1990, where they described the
kinetics of electron-deficient tetrazines with numerous electron rich dienophiles and
demonstrated that their reactions with strained alkenes are exceptionally fast (Figure 7a).[2%
291 Within these inverse-electron-demand Diels-Alder reactions, only N; is produced as side
product upon subsequent retro-[4 + 2] cycloaddition.?3-2°1 |n 2008, Blackmann et al., reported
the efficient reactivity of the strained molecule trans-cyclooctene (TCO) with electron-
deficient tetrazines in aqueous solutions and in the presence of model proteins (Figure 7b).[28]
Due to its remarkable kinetic profile, with reaction rate constants (k) spanning from 103 to 10°
M=1s71, the TCO-tetrazine ligation, also known as third generation of click chemistry, has very
quickly found numerous applications.2% Further improvements towards the alkene-handles
for tetrazine IEDDA labelling approaches have been made, where especially the small

methylcyclopropene tag showed high selectivity and relative fast kinetics with tetrazines.3-
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321 Even simpler, unstrained functionalities such as allyl-groups were able to react with

modified tetrazines, in a lower conversion yield though.[3%-33
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Figure 7. a) Comparison of normal and inverse electron demand Diels-Alder reaction. EWG= electron withdrawing, EDG=

electron donating group.34 b) Scheme of the tetrazine ligation ( 2-pyridyl -tetrazine) with trans cyclooctyne, introduced by

Blackmann et al. 1281



1.2 Click Chemistry on Nucleic Acids

Before azide-alkyne cycloadditions were applied on nucleic acids, the most common method
to label oligonucleotides post-synthetically was achieved by the formation of amide bonds
from amino-modified oligonucleotides (ODNs) and active ester, such as N-hydroxy
succinimide ester (Figure 8a). However, these conjugations exhibits some drawbacks,
including lower efficiency compared to CUAAC and sensitivity to ester hydrolysis in alkaline
buffer (pH>8), which are used for the reaction.l® 3°1 Another possibility to chemically modify
nucleic acids is displayed by the Michael-type reaction between maleimide and thiol modified
oligonucleotides (Figure 8b). The maleimide thiol reaction is however also limited by the
electrophile instability (C=C bond of maleimide is highly electrophilic) and sensitivity of thiols
towards dimerization.[ 3¢37) Due to the high chemical stability and orthogonality of organic
alkynes and azides, the efficient alkyne-azide cycloaddition became of high interest for nucleic
acid applications. Nowadays, the synthesis and incorporation of click-functionalized nucleic
acid scaffolds are well-established and subsequent CUAAC reactions are usually high yielding

and can be performed under mild reaction conditions (Figure 8c).[% 3> 38-39]
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Figure 8. a) Amide linkage from a NHS ester and amino-functionalized oligonucleotide. b) Thiol-succinimide linkage from a
maleimide and thiol-functionalized oligonucleotide. c) 1,4-disubstituted-1,2,3-triazole linkage from an azide and alkyne
modified oligonucleotide.®! The modifications on the oligonucleotides can be incorporated internally, at the 5' end and at 3'
end respectively. Further maleimide modifications and NHS ester modifications can be incorporated into oligonucleotides

and linked to thiol and amine probes respectively.[40]
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The use of click-functionalized phosphonamidites and nucleoside triphosphates, for solid

phase or enzymatic nucleic acid synthesis, respectively, reported by Carell et al., and Seela

et

al., in 2006, lead to a rapid development of CuAAC on nucleic acid.l®® 41 Oligonucleotides

bearing a single alkyne modified base, can be prepared by incorporating C8-alkyne-modified

phosphoramidites during solid phase synthesis (SPS, Figure 9, Figure 10a), where it has been

shown that the 5-position of purine and the 7-position of 7-deazapurine nucleosides are the

ideal positions for clickable functionalities, since these sites lie in the major groove of the DNA,

offering steric freedom without altering base-pairing patterns.®
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Figure 9. Schematic representation of the phosphoramidite oligonucleotide solid phase synthesis cycle.42
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The C8-alkyne-dU-CE, with bearing a octadiynyl side chain with two triple bonds (further
stabilizing DNA duplexes) and the 5-ethynyl-dU-CE (dU®-CE) phosphonamidites are due to
their facile synthesis, the most applied alkyne modified building blocks for SPS.1*% 43I The 5-
ethynyl-group, however, affords silyl protection during SPS, to avoid partial hydration and
conversion to acetyl group formation during the deprotection cycle (Figure 10b). Further the
reactivity of the click reaction on clustered ethynyl monomers is lower (~36%), compared to
C8-alkyne linkers, due to steric shielding of the alkyne by the DNA backbone. [ 38 44431 Classic
approaches for CUAAC on nucleic acids use alkyne modified ODNs and azide probes, due to

the reactivity of azide-functionalities with the P(lll) groups (Staudinger reaction) during SPS.[°!
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Figure 10. a) C8-alkyne modified phosphoramidites. b) TIPS-protected EdU-phosphoramidite, TIPS/TMS protected

phosphoramidites for multiple labelling approach.[#6 Alkyne modifiers for 5' and 3' end modifications. ]

Multiple, sequential labelling with up to three different marker azides can be achieved by the
incorporation of C8-alkyne modified, triisopropylsilyl (TIPS)-protected C8-alkyne modified and
trimethylsilyl (TMS)-protected C8-alkyne modified phosphoramidites respectively, into
oligonucleotides.!®! This approach was reported by Carell and co-workers, where the first click
reaction is performed directly on the solid support. The resulting mono-modified
oligonucleotide is then cleaved from the solid support by simultaneous cleavage of the TMS
group (conc. NHs in H,O/EtOH). Next, after RP-HPLC purification, the 2" click reaction is
performed in solution and after precipitation of the doubly modified oligonucleotide, the TIPS
group is cleavage of with TBAF (tetrabutylammonium fluoride). The 3™ click reaction in
solution yields the triply labelled oligonucleotides. With the incorporation of non-nucleosidic

alkyne phosophoramidite monomers, alkyne modifications can be introduced on the 5' or 3' -
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end of the oligonucleotides, e.g. 5'-hexynyl phosphoramidite and 3'-alkyne-modifier serinol

CPG respectively (Figure 10b).l!

For enzymatic incorporation, 5-Ethynyl-2'-deoxyuridine (EdU) triphosphates are well accepted
as substrate by DNA polymerases, in contrast to C8-alkyne-dU, since the longer linkers are
attributed to cause oligonucleotide aggregation in H;0, thus leading to decreased yields in
PCR amplification. Therefore, especially EAU and its derivates have been applied for metabolic
labelling to monitor DNA and RNA synthesis in vitro and in vivo (animal tissue model).[® 38 47
In order to circumvent cytotoxic Cu(l) catalyzed click reactions and allow also SPAAC on
nucleotides, azide-functionalized uridine derivates, such as AmdU (5-(azidomethyl)2'-
deoxyuridine) for subsequent labelling via SPAAC, were investigated (Figure 11a). However,
with this approach labelling preferentially occurred on single stranded DNA, very likely due to

the bulky cyclooctyne moiety.[* 48l
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o 0-P~0-P-0-P-0— o B= A (RNA)
o O O or G (DNA)
OH OH Nj
5'-azidoguanosine 3'-azido-2',3'-dideoxy NTP

Figure 11. a) Structures of EdU, and AmdU. b) Structure of 5'-azidoguanosine for 5' end labelling of RNA via T7 RNA
polymerase and 3'-azido-2',3'-dideoxy-ATP/GTP for 3'end labelling of RNA/DNA with PAP and TdT respectively.[49-50]

Click functionalized nucleosides and nucleotides have further been used to modify RNA for
subsequent CuUAAC and SPAAC. Das and co-workers utilized 5'azidoguanosine to label the 5'-
end and 3'-azido-2',3'-dideoxyadenosine to label the 3'-end with T7 RNA polymerase and
poly(A)polymerase respectively.® %% A similar approach to label the 3'-end of DNA was already
introduced in 1986 by Kukhanova et al., using 3'-azido-2',3'-dideoxyguanosine in combination

with TdT (terminal deoxynucleotidyl transferase) (Figure 11b).15%>1 Upon labelling the 3'-end
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of DNA or RNA with a clickable functionality, it is possible to utilize subsequent triazole
formation by CuAAC, for chemically ligated nucleic acids. In 2009, the Brown laboratory
started to investigated the biocompatibility of triazole linked DNA (3'-azido-dT clicked to 5'-
propargylamido-dT), towards its acceptance of polymerases (Figure 12b). Since one T base
was skipped during PCR, a different triazole linkage (5'-azide clicked to 3'-propargyl modified
oligonucleotides) was introduced, achieving successful amplification of up to two triazole
backbone modifications per template by DNA polymerases that do not possess proof reading
activity (Figure 12c).’%331 Further, DNA bearing these triazole backbones was successfully
transcribed into RNA by T7 RNA polymerase.® In 2021, the Brown laboratory reported a new
1,5-disubsitituted triazole (prepared via RuAAC), better mimicking the phosphodiester

backbone for enhanced polymerase compatibility. (Figure 12d).
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Figure 12. a) Phosphodiester linkage (5 bonds) b) First generation triazole linkage (7 bonds) c) 2" Generation triazole linkage
(7 bonds), successfully accepted by DNA polymerase and RNA polymerase. d) New 1,5-triazole linkage introduced by Brown

et al., with enhanced polymerase compatibility (6 bonds).[24
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1.3 Application of Click-Functionalized Nucleic Acids
1.3.1 Therapeutic Applications

Click functionalized nucleic acid building blocks stimulated interest for various applications,
including therapeutic purposes. Within this context, messenger RNA (mRNA) based vaccines
display a notable example which experienced a breakthrough during the SARS-CoV-2
pandemic. Katalin Kariké and Drew Weissman were awarded with the Nobel Prize 2023 for
Physiology and Medicine, for their discoveries concerning nucleotide base modifications,
leading to the development of mRNA based vaccines against SARS-CoV-2.1>°! Their key
invention is based on the replacement of uridine with pseudouridine (W) leading to decreased
immunogenicity while increasing translation capacity and biological stability, which was
further improved by Andries et al., via the incorporation of N*-methyl-pseudouridine (m*¥),
providing superior protein expression and reduced immunogenicity.*®>7) In 2020, Croce and
co-workers introduced the incorporation of 5-ethynyl-uridine-trisphosphate (EUTP) using T7
RNA polymerase during in vitro transcription (IVT), followed by CuAAC with a fluorescent dye
in order to track the alkyne-modified mRNA inside cells, whereas protein expression (eGFP)
was observed comparably to unmodified mRNA. This approach was further combined with 3'-
terminal azide labelling via yeast poly(A)polymerase (yPAP) and 3'-azido-2',3'-
dideoxyadenosine(AzddATP), allowing the chemical attachment of any molecule of interest,
such as targeting agent.[®! Encouraged by these results, the baseclick GmbH in 2020 began
the development of an mRNA based vaccine against SARS-CoV-2, applying click chemistry for
the attachment of a targeting agent at the 3'-end of the N-protein encoding mRNA (section
4.4.1). Maassen and co-workers further investigated the replacement of uridine in mRNA by
EU for its potential usage in RNA-based vaccines, revealing that EU-modified mRNA exhibits
lower expression levels compared to W and mW-modified mRNA. However, its stability and
low immunogenicity are comparable to other uridine analogues, emphasizing the potential of

EU for RNA based vaccines.[®!

Another application of therapeutic nucleic acids in which click chemistry is involved are RNAi
(RNA interference) based drugs, such as small interfering RNAs (siRNAs). Similar to the click
modified mRNA, click chemistry is applied during siRNA development for targeted delivery.[®%

While one approach is to mannosylate nanoparticles for targeted delivery of the encapsulated
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siRNA via click chemistry, therapeutic siRNA can be clicked to a receptor ligand using Cu(l)-
catalyzed click-chemistry, as reported by the Carell laboratories.!®1-%3 Their approach of ACE2-
binding peptide-conjugated siRNA against SARS-CoV-2, whereas the N3-modified peptide is
attached to the alkyne-bearing dT unit at the 2" position at the 3'-end of the siRNA, showed
promising results and represents exceptional opportunities for the advancement of antiviral
treatments.[® Moreover, click chemistry allows to modify siRNA with other moieties, such as

antibodies in a straightforward manner.[6°!

Similarly, antisense oligonucleotides (ASOs) can be attached to antibodies via click chemistry,
whereas the ASO is delivered as a duplex and the carrier strand is bearing the click-ligated
antibody, which, upon cellular entry is degraded and releases the ASO.[%>%¢! Further, triazole
backbones have been investigated towards their use in ASOs, whereas a 1,4 disubstituted-
triazole, generated by CuAAC, exhibited the highest proficiency in adopting the A-
conformation, necessary for RNA recognition, and thus establishing it as a promising

candidate for integration into antisense oligonucleotides.® 7]

In another recent study, Beck and co-workers introduced a trimannose-conjugated microRNA
oligonucleotide drug, directed against miR21 (LNA-antimiR-21), which is supposed to interfere
with pathological macrophages in acute inflammatory lung disease. Their findings suggest that
coupling with trimannose using click chemistry, enhances the efficient and selective delivery

of inhaled oligonucleotides to pulmonary macrophages. (8!
With the advent of novel clickable nucleosides, nucleotides, and modification reagents for

oligonucleotides, focusing on regulatory RNAs emerges as a promising direction, potentially

leading to significant advancements in the realm of synthetic gene therapeutics.["
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1.3.2 Diagnostic Applications

1.3.2.1 Metabolic Labelling

In terms of diagnostic purposes, labelling of click-modified nucleic acids with fluorescent dyes
still represents the main application. One example, that was previously mentioned and laid
the foundation for the baseclick GmbH is the EdU-based cell proliferation analysis. Herein,
EdU gets phosphorylated inside cells and further incorporated into cellular DNA by
polymerases during replication. The exposed alkynes can further undergo labelling via CUAAC

with azide-bearing fluorescent dyes on fixed cells for subsequent imaging (Figure 13).1% 38l
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Figure 13. Schematic representation of the EdU based cell proliferation technology. First EdU gets phosphorylated into cells,

and subsequently EdUTP is integrated into the genome by DNA polymerases. The alkynes can then be labelled via CuAAC

with azide-bearing dyes. [ 38l = fluorescent dye.
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1.3.2.2 Next and Third Generation Sequencing

Moreover, next-generation and third-generation sequencing (NGS, TGS) represent emerging
applications for click-modified nucleic acids. Especially, the emerging field of third-generation
sequencing platforms, capable of producing long reads (multi-kilobases in length) has been

using click chemistry for various steps during library preparation and sequencing.(®°!

Regarding library preparation, Routh and colleagues introduced a PAC-seq (poly(A) Click-Seq)
method, which employs reverse transcription-PCR (RT-PCR) in the presence of 3'-azido-
ddNTPs, such that stochastic chain termination takes place upstream of the poly(dT)-primed

3'-UTR, enabling 3'-end sequencing without RNA enrichment or fragmentation.[’%

In terms of the sequencing itself, one of the leading TGS platforms, Pacific Biosciences (PacBio)
utilizes click chemistry for the preparation of their fluorophore labelled nucleotides. Herein,
they not only use CuAAC but also SPAAC for the preparation of dye-modified nucleotide
reagents.[’2721 Within this context, the synthesis of y-labeled nucleoside 5'-triphosphates,
bearing a clickable functionality, reported by Serdjukov et al., as well as the work from the
Marx laboratory, were definitely pivotal for advancements regarding phosphate modified

triphosphates finding nowadays usage in TGS.[”3]

The emerging number of publications and patents, covering the synthesis and usage of click
modified nucleotides for sequencing applications, as well as advancements in protein and
epigenetic sequencing involving click chemistry, underlines the value of this biorthogonal

reaction for diagnostic applications.7477]
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2. Aim of this Thesis

The objective of this doctoral thesis is to conduct thorough examinations of click chemistry on

nucleic acids, with a specific focus on its application in diagnostics and therapeutics.

The primary goal of this thesis is directed to the field of Next and Third generation sequencing,
namely the development of a click-chemistry based library preparation method. By
incorporating straightforward Cu(l) catalyzed azide-alkyne cycloaddition click chemistry on
complementary DNA (cDNA) during the library preparation workflow, we aim to generate
superior and less error prone results for full-length mRNA sequencing. To assess the
applicability of the anticipated technology, we aim to design a method, that can be performed
in straightforward manner in all kind of laboratories, without sophisticated setup and the need
of special equipment and chemicals, such as inert gas. Furthermore, the goal is to make this
technology accessible for subsequent sequencing on all dominantly used sequencing

methods, such as Oxford Nanopore Technologies (ONT) or Pacific Bioscience (PacBio).

The secondary goal of the work presented here is to investigate the utility of y-phosphate
modified ATP analogues, bearing a clickable functionality as substrates for a polynucleotide
kinase, namely T4 PNK. Specifically, the aim is to develop a novel method to label the 5'-end
of nucleic acids with a clickable functionality in order to achieve subsequent straightforward
attachment of various molecules of interest, such as targeting agents or sequencing adaptors,
by using click chemistry. This approach would afford the synthesis of different, click-
functionalized ATP analogues and the exploration of their utilization towards T4 PNK on a

nucleic acid model system.

The third objective is to develop a click modified Cu(ll)-dependent nucleic acid based artificial
ribonuclease, targeting a conserved region of the SARS-CoV-2 genomic RNA in order prevent

the viral replications.

The fourth goal is to improve mRNA vaccine developments, applying copper free click
chemistry for quantitatively modifying therapeutic mRNA with targeting moieties or using

click chemistry for the preparation of circular RNA.
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SUMMARY:

The most commonly applied technology for preparation of full-length cDNA libraries from
total RNA involves a template-switching (TS) reaction. To overcome concerns and limitations
of this widely used strategy, a novel click chemistry based method for the generation and
amplification of full-length cDNA libraries from total RNA is introduced. This click chemistry-
based library preparation protocol avoids not only random priming, but also stochastic cDNA
termination and therefore allows the amplification of full-length reverse transcripts, which
could not be enabled by previous click-chemistry related RNA sequencing methods. The
introduced PCR primers have superior impact on the read-through compatibility of the 1,4-
disubstituted 1,2,3-triazole-containing cDNA. This is enabled by two overhanging 3'-
nucleotides and increases the possible insert size in comparison to the PAC -seq. technique
(poly(A)-ClickSeq). Moreover, the novel click chemistry based library preparation method gave
comparable results to a commercially available cDNA-PCR sequencing kit, developed by
Oxford Nanopore Sequencing. Thus, this novel technology could contribute to advancements

in fusion transcript and mRNA splicing variant investigations.
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ABSTRACT: Here we describe the development of a novel click chemistry-based J PR
method for the generation and amplification of full-length cDNA libraries from 0 e
— —>
total RNA, while avoiding the need for problematic template-switching (TS) ﬂJ\
reactions. Compared with prior efforts, our method involves neither random S1kB

priming nor stochastic cDNA termination, thus enabling amplification of transcripts

that were previously inaccessible via related click chemistry-based RNA sequencing

techniques. A key modification involving the use of PCR primers containing two overhanging 3'-nucleotides substantially improved
the read-through compatibility of the 1,4-disubstituted 1,2,3-triazole-containing cDNA, where such modifications typically hinder
amplification. This allowed us to more than double the possible insert size compared with the state-of-the art click chemistry-based
technique, PAC-seq. Furthermore, our method performed on par with a commercially available PCR-cDNA RNA sequencing kit, as
determined by Oxford Nanopore sequencing. Given the known advantages of PAC-seq, namely, suppression of PCR artifacts, we
anticipate that our contribution could enable diverse applications including improved analyses of mRNA splicing variants and fusion
transcripts.

B eyond its initial synthesis, eukaryotic pre-mRNA under- sequences,~ as well as major artifacts and false alternative
goes a multitude of co- and post-transcriptional transcripts.'”

processing events that dictate how and when it will be Inspired by earlier work from Routh and co-workers," "> we
translated by the cellular apparatus. Our understanding of became interested in developing a ¢cDNA library preparation
these processes has matured largely thanks to advancements in method that not only harnessed the established benefits of
RNA sequencing (RNA-seq) technologies." In order to click chemistry, but was also compatible with long-read third
ascertain the function of a particular gene transcript, capture generation sequencing. Compared with enzymatic processes,
and sequencing of all possible variants are required, since the Cu(I)-catalyzed azide—alkyne cycloaddition (CuAAC) reac-
biological function of any particular spliced and polyadenylated tions have several distinct advantages. Namely, CuAAC
form may be distinct.” Due to technical limitations associated reactions are straightforward to execute, are stereospecific,
with library generation, however, post-transcriptional regu- are often quantitative in yield, and result in few to no
latory events can often go undetected.” Given that the majority byproducts.lé With these advantages in mind, Routh and co-
of mammalian transcripts are between 1 and 2 kb in length,"’ workers reported a click chemistry-based approach for the
long-read technologies are crucial when it comes to capture and elucidation of 3'UTR/poly(A) tail junctions via
disentangling the entire spectrum of mRNA isoforms.” The short-read sequencing.'*'® Their protocol titled PAC-seq

most widely exploited strategy for cDNA library preparation involved RT-PCR in the presence of 3’-azido-ddNTPs, such
from total RNA inv<6)17ves the use methods derived from the that stochastic chain termination always occurs upstream of the
Smart-seq2 protocol.”" As with many other approaches, Smart- poly(dT)-primed 3'UTR. While ideally suited for sensitive and
seq2 involves a template switching (TS) reaction whereby specific amplification of the first 200—400 nucleotides
primer-specific 3/—ad;1p ter sequences can be appended to upstream from polyadenylated sites, PAC-seq does not yield
nascent cDNA ends.” This process begins with an initial 3'- coverage of many full-length transcripts, likely owing to the

extension with three protruding 2'-deoxycytidine nucleotides, limited polymerase read-through efficiency of various triazole-
which may then subsequently hybridize to a reverse-

complementary rGrGrG-containing template-switching oligo -
(TSO). This allows the reverse transcriptase to shift between Rec_e“'ed: July 28, 2022

the DNA and RNA templates and to copy the entire TSO Rev‘?ed‘ September 21, 2022
sequence to the 3’-end of the resulting ¢cDNA.” While Published: September 26, 2022
groundbreaking in its original implementation,” template

switchinig introduces a host of concerns, including inefficient

ligation, o1 over-representation of 5’-guanosine-containing
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containing ssDNA templates.'” We thus sought to establish an a) Reverse Transcriptase
enhanced method that would not only target the 3’-ends of mRNA

polyadenylated RNAs, but also the entirety of any given 5 J— ¥
transcript. We envisaged that this could be achieved via the = RT primer
introduction of a subsequent and separate terminal deoxy- Reverse no terminator
nucleotidyl transferase (TdT)-catalyzed ligation reaction after Transcription nucleotides

reverse transcription to incorporate the relevant 3’-azido- , ,
ddNTP, as has previously been exploited within our CDNA 3 3
laboratories."*'” The advantage in doing so would allow the Azide TdT,

entire transcript to be sequenced as a single read, harnessing Elongation 3’-Azido-ddGTP
the full capacity of Third Generation Sequencing technology, N(i)N:N

whereas stochastic termination cDNA synthesis can only ©

provide reads of a certain predetermined, average length. CuAAC cat. Cu(l)
Compared with other long-read library preparation methods Reaction || me=—==

including but not limited to Smart-Seq2'® or those described 7&:/N\N

in commercially available kits from Oxford Nanopore

Technologies, the potentially problematic one-step RT-PCR PCR - Fid. & Rev.

is avoided. Our method is also thus expected to exhibit the vV Primers

other ostensible benefits of ClickSeq methods such as dsDNA

circumvention of artifactual chimera formation and of certain
. . 14,20
TS-derived sequence biases. ™

B RESULTS AND DISCUSSION

Development of cDNA Library Preparation Using
CuAAC. With the previous literature precedent'™'>*"** as
well as our planned improvements in mind, we designed our
cDNA library preparation method as shown in Figure 1 a.
Reverse transcription, using eGFP mRNA as template (Figure
S6), is initially performed under standard conditions, employ-
ing an anchored poly(dT)-containing primer to ensure full
coverage of the 3'UTR. After cDNA synthesis and digestion of
the RNA template, nascent cDNAs are treated with a buffered
solution containing 3’-azido-2',3’-dideoxyguanosine-5’-tri-
phosphate in the presence of TdT, which results in addition
of a single azido-modified nucleotide at the 3’-cDNA end. The
mixture is then purified via a silica-membrane-based
purification system to provide the single-stranded 3’-azido-
terminated cDNAs as a concentrated solution in unbuftered-
H,O. The click ligation is accomplished using Reactor 25, a
solid, heterogeneous Cu(I) catalyst system developed at
baseclick GmbH in the presence of THPTA, MgCl,, and an
adapter oligodeoxynucleotide (ODN) containing a S5'-(S-
hexynyl) phosphate moiety (Table S1), the sequence of
which was closely derived from that which was designed by
Routh and co-workers.'* This reaction provides the 3'-adapter-
ligated cDNA that will serve as the template for further PCR
amplification (Figure 1 b).

Given that biocompatible triazole linkers are known to have
a diminishing effect on the yields of enzymatic reactions that
copy through the unnatural backbone,* certain considerations
to primer design were made to ensure the highest possible
yield during the PCR amplification. First, a PCR forward
primer was designed such that a single, overhanging
deoxycytidine nucleotide will hybridize to the 3’-azido-2’,3'-
dideoxyguanosine nucleotide of the reverse-complementary
cDNA strand (Figure 2 a). This design ensures bridging of the
triazole backbone with the primer and thus avoiding primer
extension (or replication) across the potentially unfavorable
linkage. The design also enables primer extension of the sense
strand irrespective of the sequence context. To properly assess
the capacity of this primer to facilitate PCR, short
amplifications were set up involving a sequence specific reverse
primer (Figure 2 b; Table S1). RTP3 was identified as the best-
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Figure 1. (a) Schematic overview describing how dsDNA libraries are
prepared from extracted total-RNA or isolated mRNA sequences. (b)
The copper-catalyzed azide—alkyne cycloaddition (CuAAC) reaction
of 3'-azido labeled cDNAs to provide the sequence-specific template
required for PCR amplification of the ssDNA library.

performing RT primer and thus 3’-clicked ¢cDNA, obtained
using RTP3, was amplified using each of three candidate
forward primers (FP1—3) in combination with reverse primer
RP3 (Figure 2 c) to further improve the yield and
reproducibility of the PCR. Agarose-gel visualization and
quantification using a Qubit Fluorometer indicated that yields
are substantially enhanced by the incorporation of an extra,
fully degenerate (N) nucleotide at the 3’-end of the forward
primer (Figure 2 d). Primer and adapter sequences are
indicated in Table SI.

Evaluation of Click Chemistry-Based dsDNA Libraries
via ONT Third Generation Sequencing. Having now
demonstrated that triazole-conjugated ssDNA products of
greater than 1 kB can successfully serve as templates for PCR,
we next went about generating dsDNA libraries for sequencing
with the Oxford Nanopore Technologies (ONT) platform. To
this end, eGFP-encoding dsDNA products derived from
clicked-cDNA were enzymatically repaired, and subsequently
ligated to sequencing adaptors using a commercially available
ligation-based sequencing kit designed for multiplexing
samples (ONT Ligation sequencing gDNA kit: SQK-
LSK109). The library was then sequenced using nanopore
MinION device for 24 h. An analogous experiment was
subsequently conducted, in which the initial dsDNA library
was instead prepared using a commercially available kit that
ostensibly uses template switching (TS) with supplied adapter
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Bioconjugate Chem. 2022, 33, 1789—1795


https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.2c00353/suppl_file/bc2c00353_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.2c00353/suppl_file/bc2c00353_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.2c00353/suppl_file/bc2c00353_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.2c00353/suppl_file/bc2c00353_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.2c00353/suppl_file/bc2c00353_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.2c00353?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.2c00353?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.2c00353?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.2c00353?fig=fig1&ref=pdf
pubs.acs.org/bc?ref=pdf
https://doi.org/10.1021/acs.bioconjchem.2c00353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Bioconjugate Chemistry pubs.acs.org/bc
a) 5’ AGAGCTAAAAAAAAAAAAAAAAAAAAAAAAAA.. -3’ a)
1.5 1
(RTP1-6) 3’ -NVTTTTTTTTTTTTTTTTTTTTXXXXXX...-5" %_5‘ .
5 1 click
82
%
b) Ia((:\‘:)e " RTP1 RTP2 RTP3 RTP4 RTP5 RTP6 g 205 m
0 T T
1500 | ow— 0 500 1000
1200 | e [ Position (bp)
1000 < _ 31 TS
= 85 , |
- g2
- X
c) g§E 1 1
2
FP3(iv) 5'- GACGCTCTTCCGATCTA—CN-3’ Candidate 0 0 560 10'00
FP2 (iii) 5’'- GACGCTCTTCCGATCTA—CG-3" Forward Position (b
FP1 (i, ii) 5’ ~CGACGCTCTTCCGATCTA—C -3 = Primers osition (bp)
b)
3/..GCTGCGAGAAGGCTAGAT -\ »-GCCCGC...cDNA-5 / 100 1 100
triazole g
ladder g
d) (nt) (i) (ii) (iii) (iv) §§ 90 90
1500 | — ;':-’5
1200 | w— S . - 80 80
1000 | e S ¢ ]
—— =3 &3 click TS click TS
. . 365 365 1.44 1.53 .
Vield (35 PCR cycles): fmol fmol pmol pmol DD eGFP mRNA DD Z:J-Esll(lalt_)eggfarrll'\?NA
Figure 2. Optimization of RT- and PCR-primers allows the ©) d 18
amplification of an in vitro transcribed model 1.22 kB mRNA coding < =0
for enhanced green fluorescent protein (eGFP), which was first B2 oL 4,
reverse transcribed using six candidate RT-primers (a) (RTP1 — 321000 §‘g
RTP6) and then labeled using 3'-azido-2',3’-ddGTP in combination §§ "2:? 10
with the enzyme TdT. After the Cu(I)-catalyzed click-ligation of the e~ 3s
resulting 3’-azido-cDNAs with the alkyne-adapter AA1, the material 100 =0 6
was amplified by PCR. (b) Crude PCR products originating from - -
- . s click TS click TS
each RT-primer candidate were then visualized by agarose gel- - . o
electrophoresis. (c) 3’-Clicked cDNA obtained using the best- e) Identified Transcripts f)  Identified Genes
. gk ) ) (kallisto) (FeatureCounts)
performing RT primer (RTP3) was amplified using each of three - J———
candidate forward primers (FP1—3) in combination with reverse / y \
primer RP3. (d) Agarose-gel visualization and quantification using a o . /| .
Qubit Fluorometer indicated that yields are substantially enhanced by : \u\ \\\ /
the incorporation of an extra, fully degenerate (N) nucleotide at the TS Click TS I Click
3’-end of the forward primer. Primer and adapter sequences are only Common  only only Common only
indicated in Table SI1. 3857 2445 2398 309 7559 19

ODNs. The sequencing run was also performed for 24 h.
Coverage depth diagrams associated with the two experiments
are shown in Figure 3a. Here, the relative read depths indicated
that our click chemistry-based library preparation leads to
comparable results to those obtained using the standard library
preparation, except with a slight decline in coverage toward the
S’-end. Since the CuAAC reaction occurs irrespective of
sequence context, this might suggest that the click protocol
leads to successful adapter incorporation even in truncated
cDNAs that would not ordinarily be ligated in the TS protocol.
We attribute the slightly lower total read number in the click-
library to normal variations in flow cell performance.
Moreover, while 1363 pores yielded sequence data in the TS
run, only 942 pores were productive for the Click library
(active pore count was measured during the flow cell check via
MinKNOW software).

To demonstrate the applicability of our method toward
whole transcriptome RNA-seq, dsDNA libraries derived from
clicked-cDNA were prepared using T cell leukemia (Jurkat)
total RNA. Following enzymatic end-repair and sequencing
adapter ligation, as with our eGFP model system, nanopore
sequencing was performed for 48 h run time. Again, an
analogous experiment was conducted, in which the sequencing
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Figure 3. Performance of the Click-libraries in nanopore sequencing.
(a) Coverage depth (read numbers) on the eGFP model transcript of
two independent runs on a MinION device (blue: click library,
crimson: TS library). (b) Comparison of mapping quality (percent
reference identity) of the eGFP model libraries and Jurkat total RNA
libraries, prepared by click chemistry (click) or standard protocol
(TS). (c) Read-length distribution of the two Jurkat total RNA
libraries. (d) PHRED base call quality score comparison of click vs
standard library. (e) Transcripts identified with the Kallisto
algorithm.24 Cut-off at >10 transcripts per million (tpm). (f) Genes
identified from read-counts that were mapped to exons of the human
genome (minimap2). Reads counted and normalized with featur-
eCounts.” Cut-off at >10 counts per million (cpm).

library was generated by a commercially available kit using
template switching (TS), and the library obtained was
sequenced under the same conditions as the CuAAC-based
sample for a total of 48 h. The mapping quality of the
individual sequencing experiments is shown in Figure 3b.
Notably, we observed a higher percent reference identity for
the click-generated libraries in comparison to standard library
preparation. We speculate that this effect may at least partially
be attributed to 5’-guanosine-containing sequences present
only in the TS protocol (Figure S9). Read lengths (Figure 3c)
of the CuAAC based library preparation were comparable to
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Figure 4. Mapping example, showing the GAPDH gene on chromosome 12 for two Jurkat total RNA libraries sequenced on a MinION nanopore
sequencer. Mapping was performed with minimap2 against the GRCh38 reference genome. (a) The library that was prepared using the click
chemistry protocol. (b) The library that was prepared with the standard template switching procedure (TS). The images were prepared with IGV
2.12.2. Reads in the forward direction (or S’ to 3’, with respect to the mRNA) are colored red, and those in the reverse direction are colored blue.

Splice junctions connecting exons are represented by arcs.

the standard library preparation, whereas PHRED base call
quality scores were slightly higher in the case of the Click-
chemistry method (Figure 3d). The slight disparity in quality
scores can perhaps be attributed to variation in the fidelity of
the polymerases employed in each experiment. In the case of
the proprietary TS kit, the identities of the polymerases were
undisclosed, precluding further investigation into this effect.
Finally, to determine and compare transcript abundance from
the nanopore data, we employed the mapping-independent
Kallisto algorithm developed by Bray and colleagues (Figure
3e).”* To our surprise, we find only about 50% overlap with
the TS library. When we collapse the identified transcripts to
gene level, the overlap increases, indicating a problem in
transcript identification.

To gain further insight into this problem, we mapped the
reads to the human genome. An illustrative example of full-
length transcript mapping is shown in Figure 4. Specifically,
ONT reads derived from Jurkat total RNA were mapped to the
GAPDH gene on chromosome 12 using data derived from
both (a) the click chemistry method and (b) the TS method.
As anticipated, the data show that GAPDH exons are well
represented using our click-chemistry based library prepara-
tion, with a slight bias toward the 3’-end, as compared with the
TS-based kit.

The outcome that the mapping showed a larger proportion
of shorter reads in the Click library compared to the TS library
was not unexpected, given that this was also observed in the
eGFEP library (Figure 3a). We attribute this effect to our
methodology, which enriches more truncated reads compared
with TS protocols, since the introduction of azido-nucleotides
does not depend on the RT reaction reaching the 5’-end of a
given mRNA template. This is further illustrated by the fact
that both methods perform better when tallying the sum of
identified genes rather than transcripts. Since the kallisto
algorithm is still based on transcript identification, we next
applied the featureCounts algorithm from the Rsubread
package™ to the mapped reads. Indeed, when applying this
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algorithm, we observed a very good overlap between the two
libraries (Figure 3f).

B CONCLUSION

We here disclose a novel click chemistry-based method for the
preparation of long-read sequencing libraries from polyadeny-
lated RNA. Click chemistry-based dsDNA libraries for Third
Generation Sequencing were prepared by 3 azido-labeling of
reverse transcribed cDNA via an anchored poly(dT) primer,
followed by a CuAAC and subsequent PCR amplification. All
individual steps of the introduced library preparation are
reproducible, high yielding, and easy to perform. By the
incorporation of an extra, quadruple degenerated nucleotide at
the 3'-end of the forward primer, the quality of the PCR was
enhanced significantly, allowing polymerase-mediated amplifi-
cation of lengthy triazole-containing ssDNA templates.

We directly compared Nanopore sequencing experiments of
the two libraries (eGFP and Jurkat), generated via click
chemistry-based and standard protocol (based on template
switching reaction) library preparation, respectively. The
generated sequencing data demonstrate that the performance
of the click-chemistry based library in both amplicon and
transcriptome sequencing can compete with methods that
involve template switching. Unbiased addition of sequencing
adapters may further facilitate RNA-seq protocols that rely on
blockade of reverse transcription like in SHAPE-seq or
sequencing of RNA modifications (e.g, m'A or pseudour-
idinfs),zgvhich prohibit the application of template switch-
ing.

In conclusion, our novel library preparation method enables
the reliable generation and amplification of full-length reverse
transcripts for long read sequencing while avoiding templated
ligation, artifactual chimeras, and over-representation of 5'-
guanosine-containing sequences.'© Compared with the estab-
lished protocol PAC-seq,”"””* mRNA transcripts longer than 1
kb are now within reach. Our method also offers an attractive
alternative to Smart-Squ,8 potentially forming the basis for
future development of more sophisticated workflows such as
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single-cell and long-read amplicon sequencing.’’ Given the
modular-nature of click chemistry, an extremely diverse range
of applications is in principle possible. Our library preparation
could further be applied to the analysis of differential gene
expression and quantification of splicing variants as well as
fusion transcripts.

B EXPERIMENTAL SECTION

Custom Oligonucleotides. Short oligonucleotides and
primers used in this study were provided by baseclick GmbH
(Neuried, Germany) and were synthesized using standard
phosphoramidite chemistry. HPLC-purified products were
stored at —20 °C as lyophilized solids.

MRNA Synthesis. In order to generate cDNA libraries for
Third Generation Sequencing, mRNAs encoding for the
enhanced green fluorescent protein (eGFP) and T cell
leukemia (Jurkat) total RNA were first prepared or purchased
as model systems. Jurkat Total RNA was purchased from
Thermofisher Scientific, while the desired mRNA constructs of
eGFP (Figure SS) were prepared by in vitro transcription from
a linearized DNA template containing a T7 promoter and a
120mer poly(A)tail according to a modified version of a
previously established protocol from Croce and co-workers
(Figure S4).'® Reaction mixtures were prepared with the
TranscriptAid T7 High Yield Transcription Kit (Thermofisher
Scientific) by mixing the following components in a 200 uL
PCR tube: linear plasmid DNA (1 ug); 8 uL NTP mix (2.5X;
100 mM ATP/CTP/GTP/UTP solutions); 4 yLTranscriptAid
Reaction Buffer (5X); 2 uL TranscriptAid Enzyme Mix and
nuclease-free H,O to achieve a final volume of 20 uL. The
samples were incubated for 2 h at 37 °C, cooled to 4 °C for 3
min and purified with the QIAquick PCR Purification Kit from
Qiagen. The concentrations were measured with the Qubit
Fluorometer and the samples quality was analyzed via agarose
gel electrophoresis.

First Strand cDNA Synthesis. Prior to reverse tran-
scription (RT), the poly(dT) primers (RTP1-RTP6) were
hybridized to the template by mixing the following
components in a 200 yL PCR microtube: 1 uL of eGFP
mRNA (600—650 ng) or Jurkat total RNA (1-2 pug); 1 uL
dNTP Mix (10 mM; New England Biolabs); 1 uL (RTP1-
RTP6; 100 uM), and 10 uL nuclease-free H,O to achieve a
final volume of 13 yL. After mixing with a pipet, the mixture
was briefly centrifuged and transferred to a thermal cycling
block with a lid temperature of 105 °C. The samples were then
heated to 65 °C for S min and cooled to 4 °C for 3 min.
Afterward, 4 uL of SuperScript IV 5X Buffer, 1 uL of DTT
(100 mM), 1 uL of SuperScript IV Reverse Transcriptase (200
U/uL), and 1 uL of RNaseOUT Recombinant Ribonuclease
Inhibitor (40 U/uL) were added to reach a final volume of 20
uL. The resulting samples were mixed and briefly centrifuged,
and the following temperature program for the RT was
performed: 20 min at 50 °C, 10 min at 80 °C, cool to 4 °C,
and hold for 3 min. SuperScript IV 5X Buffer, DTT, and
SuperScript IV Reverse Transcriptase and RNaseOUT
Recombinant Ribonuclease Inhibitor were purchased from
Thermofisher Scientific.

For the following mRNA digestion, to each reaction mixture
from the previous step were added to the following
components: 3 uL. RNase H Reaction Buffer (10x), 1.4 uL
RNase H (5 U/uL), 1 uL RNase A (10 mg/uL), and 4.6 uL
Nuclease-free H,O to achieve a final volume of 30 uL. The
digestion was performed as follows: 30 min at 37 °C, 15 min at
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65 °C, cool at 4 °C, and hold for 3 min. The digested cDNAs
were then purified using a QIAquick PCR Purification Kit
(Qiagen). Elution was performed using nuclease-free H,O.
RNase H Reaction Buffer (10x) and RNase H were purchased
from New England Biolabs. RNase A was purchased from
Thermofisher Scientific.

Azide Elongation and CUAAC. The samples for the azide
elongation were prepared by mixing the following components
in a 200 uL PCR tube: 15 to 17 uL purified cDNA (eGFP:
1000—1300 ng; Jurkat: 900—950 ng); 1 uL 3’-Azido-2’,3'-
ddGTP (10 mM; BASECLICK GmbH); 2 uL TdT (20 U/
uL); S uL TdT Reaction Buffer (5X), and if necessary,
sufficient nuclease-free H,O to achieve a final volume of 25 yL.
Azide elongation was performed by incubating the sample for
1.5 h at 37 °C, then cooling to 4 °C, and holding for 3 min.
The samples were purified as described above, again using
nuclease-free H,O for elution. TdT and TdT Reaction Buffer
(5%) was purchased from Thermofisher Scientific.

CuAAC reactions to ligate the 3’-azido-labeled cDNA with
the alkyne adapter (AAl, see Table S1) were prepared by
mixing the following components in 1.5 mL tube: a solution
containing the single-stranded Nj-labeled cDNA (eGFP: 440—
460 ng; Jurkat: 450—650 ng) obtained from the previous step
in nuclease free H,O (9 to 28 uL) was combined by mixing
with an appropriate volume of baseclick’s proprietary SX
activator solution to obtain a 1X final concentrated solution.
Afterward 2 pellets of baseclick’s proprietary heterogeneous
reactor catalyst system, 0.5 uL AAl (100 uM), and if
necessary, nuclease-free H,O, were added and mixed (final
volume 12.5—40 pL). The click reactions were performed in
the thermomixer at 45 °C for 1.5 h at 600 rpm. Subsequent
purification was performed using a QIAquick PCR Purification
Kit from Qiagen.

PCR Amplification. PCR reactions to generate dsDNA
libraries were prepared using a modified Taq DNA Polymerase
(LongAmp Taq 2X Master Mix from New England Biolabs)
according to the manufacturer’s instructions, with the
following profile: 30 s at 94 °C; 35 [20 s at 94 °C, 30 s at
57 °C, 1—2 min at 65 °C]; final extension 10 min at 65 °C.
Individual primer concentrations (FP1-3 and RP1-6
respectively; see Table S1) for each experiment were 0.4
#M, and 2.6 to 8.2 ng clicked-cDNA was used as the template
for each 25 uL reaction. Annealing temperatures were
calculated with respect to the specific primer pair using the
OligoAnalyzer Tool from Integrated DNA Technologies.
Elongation times were calculated according to the anticipated
PCR product length using the formula t(s) = fragment size
(kB) x 60. PCR products were imaged via agarose gel
electrophoresis in Tris-acetate-EDTA buffer and stained using
an aqueous solution of approximately 0.2 pg/mL ethidium
bromide. PCR products were further purified using the
QIAquick PCR Purification Kit from Qiagen.

ONT Sequencing. Amplified PCR products derived from
clicked-cDNAs were converted into sequencing libraries using
the Ligation Sequencing Kit (SQK-LSK109), according to the
Genomic DNA by Ligation protocol and subsequently
sequenced on a MinION flow cell (R10.3) with a MinION
sequencing device (Oxford Nanopore Technologies). For
individual samples, 1 ug of PCR-amplified cDNA was carried
through to the first step of the kit protocol.

For standard mRNA sequencing without click chemistry
(eGFP mRNA: see mRNA Synthesis; Jurkat Total RNA:
purchased from Thermo Fischer Scientific) library preparation
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was performed according to the c¢DNA-PCR-Sequencing
(SQK-PCS109) kit instructions from Oxford Nanopore
Technologies. The supplied protocol employs strand switching
(TS) with kit-supplied oligonucleotides, as with the Smart-
Seq2 protocol. The library was subsequently sequenced on a
MinION flow cell (R10.3) with a MinION sequencing device
(Oxford Nanopore Technologies).

The individual steps of the commercially available kits were
performed as directed, with the exception of sample
purification, where we instead employed CleanNGS beads
from CleanNA instead of the recommended product
Agencourt AMPure XP beads from Beckman Coulter.

Bioinformatic Analysis. Jurkat cDNA reads derived from
the TS library on the MinION device were cleaned for adapter
contamination with Porechop (https://github.com/rrwick/
Porechop) with default parameters. The click-library was
trimmed with Porechop using the custom adapter sequence
ACGCTCTTCCGATCTAC/GTAGATCGGAAGAGCGT
which can be found on both ¢cDNA ends after PCR
amplification with primer FP1. Mapping of reads against the
Homo sapiens GRCh38 DNA primary assembly release 105>
was performed with Minimap2 (https://github.com/lh3/
minimap2)*” using the parameter set “-ax splice”. The eGFP
amplicon reads were trimmed with Porechop for the custom
sequence GACGCTCTTCCGATCT/AGATCGGAAGAG-
CGTC, which is present on both ends of each fragment. For
mapping of the eGFP amplicon (see Figure S7) with
minimap2, the parameter set “-ax map-ont” was used.

Data set statistics were calculated and visualized with
NanoComp.”® Mapping graphics were generated with IGV
2.12.2°* and assembled with Adobe Illustrator CS6 and Affinity
Designer.

Transcript abundance was estimated by generating pseu-
doalignments against the Ensemble GRCh38 c¢DNA release
105°" with kallisto™ using read-length statistics from the
NanoComp output. Gene-level identification was performed in
R version 4.2.1 with the featureCounts function of the Rsubread
package” based on the reads mapped with minimap2. Venn
diagrams were generated from counts with a cutoff of >10 cpm
or tpm respectively in R using the packages limma® and
VennDiagram®® and adapted with Adobe Illustrator CS6 and
Affinity Designer.
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SUMMARY:

Modifying nucleic acid structures post-synthetically with a clickable functionality enables a
broad range of applications and advanced propteries, such as immune system evasion,
enhanced stability, fluorescent labelling, chemical 5'-RNA capping, and the development of
functional aptamers.

While some chemoenzymatic methods exist for labelling the 3'-end with azido and alkynyl
groups, equivalent strategies for the 5'-end are unknown, since the current methods are either
inefficient, complex, or involve harsh chemical conditions. To overcome these limitations, we
introduce a modular and straightforward technology for sequentially modifying DNA and RNA
strands at both ends with click-reactive groups. Our approach utilizes y-modified ATP analogs,
which enable the T4PNK-catalyzed 5'-modification of oligonucleotides. This process is
compatible with TdT-catalyzed 3'-elongation using 3'-azido-2',3'-ddGTP. Furthermore, we
showed that our method can be applied for both, oligo-oligo ligations and single-stranded
DNA circularization. We envision that these approaches will pave the way for the synthesis of
highly functionalized oligonucleotides, thereby enhancing the therapeutic and diagnostic

potential of oligonucleotides, such as in the context of next-generation sequencing.
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Orthogonal End Labelling of Oligonucleotides through
Dual Incorporation of Click-Reactive NTP Analogues

Eva S. Schénegger®,”® Antony Crisp*,” Marco Radukic,”” Jonas Burmester,

Thomas Frischmuth,*® and Thomas Carell*®

Post-synthetic modification of nucleic acid structures with
clickable functionality is a versatile tool that facilitates many
emerging applications, including immune evasion, enhance-
ments in stability, fluorescent labelling, chemical 5-RNA-
capping and the development of functional aptamers. While
certain chemoenzymatic approaches for 3’-azido and alkynyl
labelling are known, equivalent 5'-strategies are either ineffi-
cient, complex, or require harsh chemical conditions. Here, we
present a modular and facile technology to consecutively
modify DNA and RNA strands at both ends with click-modifiable

Introduction

Over the past decades, site-specific bioconjugation of nucleic
acids has allowed the burgeoning field of nucleic acid
technology to occupy previously unimaginable niches, such as
cellular tracking, encoding of small molecule libraries, and the
synthesis of targeted oligonucleotide siRNA therapeutics.!"
These and other innovations rely entirely upon our ability to
introduce specific chemical modifications into nucleic acid
molecules, either during their synthesis, or post-synthetically.
When it comes to post-synthetic modification of the 3’-ends of
DNA and RNA molecules, an assortment of chemical and
enzymatic options are available, with the most notable example
being polymerase-mediated incorporation of a modified nu-
cleoside triphosphate. 5-end labelling, meanwhile, is typically
limited by stochastic techniques such as nonspecific chemical
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[b]

functional groups. Our approach using y-modified ATP ana-
logues facilitates T4 PNK-catalysed 5-modification of oligonu-
cleotides, a process that is compatible with TdT-catalysed 3'-
elongation using 3'-azido-2',3-ddGTP. Finally, we demonstrate
that our approach is suitable for both oligo-oligo ligations, as
well ssDNA circularization. We anticipate that such approaches
will pave the way for the synthesis of highly functionalised
oligonucleotides, improving the therapeutic and diagnostic
applicability of oligonucleotides such as in the realm of next-
generation sequencing.

crosslinking.”? Motivated by the absence of suitable methods,
we set out to develop a general click chemistry-based chemo-
enzymatic procedure to modify the 5-end of single-stranded
nucleic acids (Figure 1). A key requirement was for us that the
new method is compatible with existing nucleotidylexotransfer-
ase mediated 3'-ligation reactions, such as those pioneered by
the Kukhanova laboratory (Figure 1).°”” Such a method would
allow enhanced detectability of oligonucleotides,® and could
pave the way for dual 3'- and 5’-adapter ligations as required
for next-generation sequencing library preparation.”” In addi-
tion, such a method could enhance antibody and payload
ligations to oligonucleotides,"” post-synthetic 5'-capping,
chemical gene synthesis,"" and, as investigated here, nucleic
acid circularisation.” The click-chemistry based method would
also complement recent 5'-labelling approaches by the Rent-
meister laboratory (Figure 1) that are based on promiscuous
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o o o N /
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AN o o
5 3| Neoboboliam \
y o & @
Jj — 1 + > B
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Figure 1. Schematic representation of chemoenzymatic oligonucleotide end-
labelling methods that are currently in use.

© 2023 The Authors. ChemBioChem published by Wiley-VCH GmbH
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methyltransferase (Ecm1).® Furthermore, our approach has the
advantage that it involves only one synthetic step per label,
and minimal chemical alteration to the DNA or RNA structure
(Figure 1). We anticipated that this could be accomplished via
the T4 PNK-catalysed transfer of an alkyne- or azido-modified vy-
phosphate group from adenosine triphosphate (ATP)!">' to 5'-
hydroxy groups of nucleotides and deoxyribonucleotides — a
process that is inherently compatible with TdT-catalysed 3'-
elongation reactions (Figure 1).

Results and Discussion

Motivated by the great potential of y-phosphate modified ATP
analogues for protein kinase catalysed reactions advertised by
Lee and co-workers™™ we prepared a small collection of
suitably y-labelled adenosine 5'-triphosphates, with embedded
click- functionality, according to a method previously published
by our laboratory. In that study, fluorophores were coupled to
y-modified ATP-analogues by means of Cu'-catalysed alkyne-
azide cycloaddition (CuAAC) reactions."® For the synthesis,
treatment of adenosine 5'-triphosphate (ATP) disodium salt
hydrate 1 (Figure 2) with propargylamine in the presence of
EDC-HCI afforded compound 2 in a highly satisfactory yield
(97 %), as determined by analytical RP-HPLC. In order to prepare
2 for use with the enzyme T4-PNK, an ion-exchange method
was applied to achieve efficient desalting (Chelex® 100 sodium
form), followed by a dialysis for 12h. We next prepared
compound 3 using the same method, which provided 3 in a
more modest, albeit practicable yield (489%). Originally, phos-
phoramidates were synthesised, based on their potential
application as T4 PNK substrate published by Anthony and co-
workers.'” However, in anticipation that phosphoramidates
such as 2 or 3 might be prone to acid-mediated solvolysis,!'®'”
we further prepared a subset of phosphate monoester-linked
alkynes (compounds 3-6) and azide (compound 7), which was
obtained in up to 68% vyield by nucleophilic substitution,
involving either the corresponding alkyl halide or p-toluenesul-
fonate (Supporting Information, Section 3.2). In addition, we
prepared the organothiophosphate 8 using similar conditions
(Supporting Information). Finally, compounds 9 and 10 were
purchased for the purpose of further reactivity screening.
Having this library of compounds in hand, we next
investigated their applicability for 5-labelling followed by a
CuAAC click reaction.”” Initially, we synthetically prepared the
longer 43-mer oligonucleotide ODN1 and the shorter 17-mer
nucleotide ODN 2 (Table S1 in the Supporting Information). For
the first experiment, ODN2 was incubated with alkyne 2 and
T4 PNK (37°C, 50 U). Upon the anticipated completion of the
enzymatic reaction after 3 h, the resulting 5’-modified oligo-
deoxynucleotide was subsequently treated with either CalFluor-
647-azide or AzDye™-350-azide in the presence of Cu' to initiate
the click reaction. Contrary to our expectations, however,
neither experiment yielded any triazole-containing cycloadduct,
as inferred from denaturing polyacrylamide gel electrophoresis
(dPAGE) images. Instead, mass-spectrometric (MALDI-TOF) data
hinted at y-phosphoramidyl-hydrolysis, which provided the m/z
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Figure 2. a) Synthesis of azide and alkyne y-labelled nucleoside 5"-triphos-
phates. b) Unsuccessful first labelling experiment with alkyne 2 on ODN 2.
c) Compound library, reagents and conditions: (i) Step 1: 1, CHELEX-100,
[Bu,N]Br, Step 2: alkylating tosylate/bromide reagent (Supporting Informa-
tion), anhydrous DMF, overnight, Ar, RT; (i) 1, EDC-HCI, alkylating amine,
H,O, (DMF), 18 h, 25 °C; (iii) ATPyS, DMF/D,0, NaHCO;, propargyl bromide,
RT, overnight.

values for the 5'-phosphorylated oligodeoxynucleotide ODN 2
(5'-PHO-ODN2) as the sole reaction product. This result is
consistent with previous observations of a rapid hydrolysis of
phosphoramidates under mildly acidic conditions."®' Similar
outcomes were also observed when the azide 3 was employed
as the reactive triphosphate (Table S2).

We therefore began to experiment with y-O-ATP esters such
as compounds 9 and 4, anticipating that these might not suffer
the same drawbacks as their y-N-ATP analogues, and given their
reported comparative stabilities at pH values as low as 2.0."”
Gratifyingly, when the same process was conducted using the
43-mer ODN1 with azide 9 as the substrate, the product
ODN 1-a was indeed obtained in up to 37% yield (Figure 3,
Table S3).

When treated with alkyne 4, the yield of the product ODN 1-
b (ODN 1_propargyl-PHO) was higher (57 %, Table S3). In order

© 2023 The Authors. ChemBioChem published by Wiley-VCH GmbH
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Figure 3. Schematic illustration of several different applications of sequential 3'- and 5'- labelling. a) A DNA 43-mer (ODN 1) is labelled at the 5-end with either
an alkyne or an azide, and subsequently click-ligated with a fluorophore (Cy3) for dPAGE visualisation (Figures ST and S2). b) An RNA 21-mer (ORN1) is
labelled at the 5’-end with an azide, and subsequently ligated with Cy3 (Figure S3). ¢) A DNA 17-mer (ODN2) is labelled with an azide (11) at the 3"-end, and
then an alkyne (4) at the 5’-end (Table S5). d) The product from the previous reaction is subsequently treated with two new alkyne- and azido-labelled
oligonucleotides, thus affording a new DNA—RNA hybrid product assembled from three oligonucleotide components (for full gel image see Figure S4). For
illustrative purposes, the depicted secondary structures were calculated using either RNAComposer®?? or UNAFold® using the default parameters, and then

visualised using forna® and ChimeraX®. « =DNA, « =RNA.

to gain further proof for the successful enzymatic modification
and subsequent click reaction, we next carried out click
reactions using the fluorophore Cy3 which allows visualisation
of the reaction outcome by dPAGE. For the experiment we
treated ODN 1-a with dibenzocyclooctyne-Cy3 (DBCO—Cy3) and
indeed cleanly afforded ODN 1-c, as confirmed by dPAGE, both
with and without GelRed stain (Figures 3a and S2, confirmed by
RP-HPLC, Table S4). Encouraged by this result, we subsequently
performed an analogous experiment using ODN 1-b in combi-

ChemBioChem 2023, €202300701 (3 of 6)

nation with Cy3-azide, which once again, yielded the dye-
adduct ODN 1-d in a clean reaction (Figures 3a and S1).

Given that single-stranded ribonucleic acids are known to
be natural substrates of T4 PNK, we were curious as to whether
a suitable oligoribonucleotide (ORN) could also be labelled.
Thus, we next conducted an experiment where we treated the
RNA 21-mer ORN1 (Table S1) with azide 9 in the presence of
T4 PNK. To our delight, this provided the labelled product,
which was visualised via a SPAAC reaction,” involving either

© 2023 The Authors. ChemBioChem published by Wiley-VCH GmbH
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DBCO—Cy3, or alternatively a 3’-DBCO labelled oligodeoxynu- DNe e® <o
cleotide (ODN3, Table S1), which produced the expected 21 — (12)
nucleotide shift upon dPAGE analysis (Figure S3). The yield of — ()M, TdT ' G
the 5’-end labelling and thus also the yield of the subsequent (i) 9, T4 PNK
SPAAC is lower compared to the performed experiments with ODN5 ODNsa — > ODNsb
ODN1 and ODN2 (Figure S2). This can be explained by well-
known observations, that the labelling efficiency by T4 PNK is (Cmf,’(fjvlf,gdm T
sequence specific. Thus, factors, such as the identity of the 5'- side product ioimer restriction ODN
terminal nucleotide or the ORN folding state can have an @ B () @ e gt P @
impact on the 5'-labelling efficiency.””” A natural extension of - - q M?P'
this strategy was to assemble a longer hybrid-DNA/RNA . . restrction

oligonucleotide by incrementally combining two DNA and one
RNA oligonucleotide. We envisaged that this could be accom-
plished by site-selectively labelling both the 5'- and 3’-ends of a
template oligo with distinct azido and alkynyl functionality
followed by two sequential click reactions. To this end, the 17-
mer ODN2 was first treated with 3'-azido-2',3-ddGTP (11) in
the presence of catalytic TdT, which gave upon spin column
purification, the anticipated 3'-azido labelled oligodeoxynucleo-
tide ODN2-a, as confirmed by MALDI-TOF-MS (Table S5).
ODN2-a was then treated with alkyne 4 in the presence of
T4 PNK, to afford ODN 2-b. In this case, the crude MALDI-TOF
showed formation of both the expected products, as well as
another peak at m/z 5633 (5'-PHO-ODN 2-a), possibly indicating
hydrolysis of the formed alkyne. Anticipating that this might be
caused by the ionisation step during MALDI-TOF analysis, we
directly continued with the click reaction. Indeed, the dual click
reactions of ODN 2-b together with first the 3'-azido oligodeox-
ynucleotide ODN4, (10x molar excess, Table S1) and second
with the 5’-DBCO modified oligoribonucleotide ORN 2 (2x molar
excess, Table S1) provided the chimeric DNA/RNA product
ODN2-d, with only traces of 5-unligated starting material
(visible by dPAGE, Figure S4). This strengthened our hypothesis
that the dominant signal in the crude MALDI-TOF corresponded
to the ionisation-induced 5’-hydrolysis product. The double
chemoenzymatic addition of azide and alkyne functionalities
and even the double click reaction had worked as inferred from
the fact that the correct oligonucleotide was among the
dominant species detected by dPAGE, taken into account, that
ODN4 and ORN 2 were added in excess (Figures 3d and S4).

In a further experiment meant to examine the synthetic
utility of our method, we set the goal to achieve circularisation
of a medium length (100 nt) oligodeoxynucleotide, ODNS5
(Table S1), which was specifically selected for generating a self-
annealing stem loop at the ends. Beyond their many biological
roles,”® circular nucleic acids have recently attracted enormous
interest due to their asserted exonuclease resistance,”” which
makes them highly attractive candidates as novel RNA
therapeutics.*® In order to accomplish this task, ODN5 was
initially both 5- and 3'-azido labelled, according to the
procedure described above to afford ODN5-a (Figure 4). The
purified and labelled oligodeoxynucleotide was then rean-
nealed, and treated with the bifunctional crosslinker 12, DBCO-
PEG4-DBCO, to give ODN5-b. Upon completion of the reaction,
we proved the circularization by treating the reaction mixture
with Mspl, a restriction enzyme that recognises the sequence
CCGG. Remarkably, 10% dPAGE of digested and undigested
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Figure 4. Schematic illustration of ODN 5 circularisation and subsequent
proof of concept with Mspl. 10% dPAGE: a) ODN 5: 100-nt oligonucleotide
(Supporting Information), b) ODN 5 treated with Mspl to give 50-nt
oligonucleotide digestion products, c) Crude reaction product containing
ODNS5, ODN 5-a, and ODN 5-b treated with Mspl give mixture of circular
101-nt and 50-/51-nt linear digestion products, d) Crude mixture containing
ODN S5, ODN 5-a, and ODN 5-b, without Mspl digestion. P=PHO (mono-
phosphate), G—N; = 3"-azido-2',3'-ddGMP.

ODN 5 showed an almost complete disappearance of the 100 nt
upper band, whereas the clicked product ODN 5-b did not, thus
indicating a successful circularization process (for full gel image,
see Figure S5).

Beyond the y-modified ATP analogues alkyne 4 and azide 9,
we also screened the other synthesised candidates for their
ability to perform 5'-labelling of the 43-mer ODN 1. The screen-
ing revealed that shorter y-O-linked phosphate esters such as 4
and 9 perform far better as substrates for the T4 PNK catalysed
kinase reaction than those with slightly longer linkers. ODN1
for example was labelled in only 19% and 7% conversions with
alkyne 5 and azide 10, respectively (Table S3). The even longer
linkers produced no detectable product. Based on these results,
we postulated that the active pocket of the T4 PNK might be
sterically constrained, such that larger or more hydrophobic
linkers are not suitable to 5'-labelling. To further investigate our
hypothesis, we determined binding characteristics of the
compounds to T4 PNK.

One indirect but relatively straightforward way to achieve
this goal is to measure T4 PNK-mediated hydrolysis of the
compounds, enabled by an ADP-dependent luciferase assay
(ADP-Glo assay, Figure 5). In this assay, we observed that the
azido and alkynyl esters 9 and 4 indeed showed the expected
sigmoidal curve of the luminescence signal depended on
T4 PNK concentration. The obtained ECs;, values as proxy
metrics for their affinities towards T4 PNK were also similar with
0.010+£0.002 UpL™" for azide 5 and 0.01740.004 UpL™" for
alkyne 4. The N-linked alkyne 2 also showed expectedly no
enzyme dependency. Surprisingly, the S-linked alkyne 8
indicated an unexpected luminescence signal intensity and
curve shape (Figure 5¢), although no ODN labelling was

© 2023 The Authors. ChemBioChem published by Wiley-VCH GmbH
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T4 PNK conc. in U/uL

Figure 5. T4 PNK-mediated hydrolysis of ATP analogues under optimised
reaction conditions with 1 uM ODN 1, at various enzyme concentrations,
determined by an ADP-dependent luciferase assay. The standard T4 PNK
concentration is 1 UpL™" (the respective rightmost data points). a—c Results
are shown as luminescence normalised to the upper and lower asymptote of
each fit (orange line, logistic, four-parameter) versus T4 PNK concentration.
d, e Results are shown as absolute luminescence signal from the plate reader
since no fit was possible. a y-Azido analogue, entry 9, b y-propargyl
analogue, entry 4, c y-propargyl-thio analogue, entry 8, d y-propargyl-imido
analogue, entry 2, e ATP (1). Note the logarithmic scale of the x-axes; error
bars represent the standard deviation from two technical replicates; RLU:
relative fluorescence units. f Table of ECs, values from the fits; SE: standard
error.

detected. Instead, it showed a sigmoidal response curve similar
to compounds 9 and 4, with a highly comparable EC,, value of
0.021+£0.010 UpuL™". We hypothesise that S-linked alkyne 8 is
hydrolysed by T4 PNK independently from the ODN, explaining
the large and increasing signal, a finding in support of previous
observations."” Notably, the molecular mechanism of this
background hydrolysis is not obvious as it is thought that the y-
phosphate undergoes initial nucleophilic attack, where it is
directly transferred to the ODN 5-OH without first forming a
phosphoryl-enzyme intermediate."” Finally, in order to ration-
alise the data, we performed rigid receptor docking studies
using the ATP analogues described above (Supporting Informa-
tion). This analysis revealed a high positional variability for the
adenosine moieties of all compounds, likely reflecting the
known acceptance of T4PNK towards different NTP
substrates."? Overall, the model provided predictive value, in
that relative binding energies appeared to be good predictors
of the general possibility of labelling.
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% o { (] % “ # In summary, we have demonstrated the application of a novel
é 55 4 £ 05 | EE chemoenzymatic method for the site-specific 5'-labelling of
= I i DNA and RNA molecules with either alkynes or azides. Notably,
S I} 5 { E our method is compatible with a TdT-catalysed 3'-labelling

0+ I . . 0+ & E . reaction, which opens up the possibility to generate multi-
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c) d)so0k allows efficient chemically induced post-synthetic circularisation
g 17 \\\/s\;‘ s | 3 \\\/H\,@ of DNA as demonstrated here using a ssDNA 100-mer. This is
3 ®) } () _“é @ currently not feasible with existing methods, except in highly
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5_0'5 1 .§ g gonality to related commercial technologies, such as the 5’
£ !!° é .*® EndTag Kit from Vector Laboratories. This is due to the nature
- 0 . = 0 .000.0". i of click chemistry, which largely avoids side reactions, such

0.0001 0.01 1 0.0001 0.01 1 those that can occur when thiophosphates are employed. These
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= 4(b)  0.017 £ 0.004 development of new nucleic acid therapeutics.
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- :,L’[DY',”E." Orthogonal End Labelling of Oligo-
nucleotides through Dual Incorpora-
tion of Click-Reactive NTP Analogues
A new chemoenzymatic method and 3’-end labelling of DNA and RNA
involving dual incorporation of y- and molecules.

3’-modified NTPs allows sequential 5'-
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4. Unpublished Work

4.1. Click Chemistry Based Library Preparation for Direct cDNA Sequencing

4.1.1. Prologue

The results of our first publication dealing with a click chemistry-based library preparation
method of full-length reverse transcripts for long-read third generation sequencing, 78l
prompted us to further investigate possible improvements of this technology. Hence, we got
inspired by the direct cDNA sequencing method from ONT (Oxford Nanopore Technologies),
which avoids amplification of the generated cDNA and thus removes bias caused by PCR
(Figure 14b).[”I Previous studies have shown, that when it comes to the amplification of rather
complex DNA mixtures, like cDNA libraries, short fragments tend to be amplified more readily
compared to longer ones. This causes a false representation of the cDNA library gravitating
towards shorter fragments.[881 Thus, although the direct cDNA sequencing kit (SQK-LSK114)
from ONT requires a higher input amount (100 ng Poly(A)+ RNA or 1 ug of total RNA)
compared to their cONA-PCR sequencing kit (SQK-PCS111) (4 ng Poly(A)+RNA or 200 ng total
RNA)[2-831 the PCR-free approach is a valuable tool for differential expression analysis of
mRNAs and therefore leading to results of superior quality.[”> 84 Hence, we not only wanted
to avoid template switching (TS) reactions, but also the amplification of the generated cDNA,

based on the protocol of ONT.[®!

Our revised strategy (Figure 14a) would start, like previously described, with the cDNA
synthesis of a mRNA of interest, using an anchored poly-dT primer, followed by the azide
elongation with 3'-azido-ddGTP via TdT. Next, the 3'-azido-teminated cDNA is clicked to a 5'-
hexynyl phosphate moiety containing adapter oligodeoxynucleotide via CuAAC. These steps
provide a cDNA with known sequences on both ends, enabling subsequent PCR amplification
for generating a dsDNA library.!”8 For the purpose of direct cDNA sequencing, we now aimed
to only perform a second strand synthesis in order to provide dsDNA which is necessary for
subsequent ONT sequencing.[®¢! Therefore, only one PCR primer, the forward primer, is
applied for one PCR cycle to produce the required dsDNA, which should be subsequently
ligated to the sequencing adapters, following the ONT protocol.82 With this click chemistry-
based direct cDNA sequencing, we aim to get higher-quality results compared to the published

method using PCR amplification of the generated cDNA.I’81 Moreover, this only slightly
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modified protocol enables a side by side comparison of direct cDNA and amplified cDNA

sequencing, by only altering the numbers of PCR cycle.

a) b)
Full-length poly-A RNA
mRNA
AAAAAAAAAAAA
. y
Iy
| Primer annealing, RT,
Reverse no terminator Anchored strand switching
Transcription nucleotides Poly-dT primer
cDNA ' (S Gag AAAAN
ccc I
Azide TdT,
Elongation 3-Azido-ddGTP ‘ Riase treatment and
2" strand synthesis
]
Ny,
GGG TITTTT
CuAAC Reaction —_— ccc TITT
\— Alkyne Adapter
. Adapter
attachment
2nd strand
synthesis i GGG TTITTT -
- ccc TTTTTT .
Ligation of sequencing
adapters Sequencing

ONT sequencing

Figure 14. a) Schematic representation of the direct cDNA library preparation workflow using CuAAC. b) Schematic

representation of the cDNA-PCR sequencing workflow from ONT.[82]

4.1.2. Results and Discussion

For the investigation of the click chemistry based direct cDNA sequencing approach, the same
template as for the amplified cDNA sequencing, eGFP mRNA, was used (Schénegger et al.
Figure S5[78]). After reverse transcription with RTP3 (Schénegger et al. Table S1178]) followed by
the azide elongation with 3'-azido-ddGTP via TdT, the 3'-azido-terminated cDNA was clicked
to the 5'-hexynyl phosphate moiety containing adapter oligodeoxynucleotide AAl
(Schénegger et al. Table S178]) via CUAAC, using the published protocol.[78 Afterwards the 2™
strand synthesis with FP3 (Schdnegger et al. Table S178) was performed using a modified
protocol of the SQK-LSK114 (previously SQK-DCS109) kit from ONTI®2, followed by the end
repair (end-prep) and adapter ligation step, according to the manufacturers procedure. The
adapter ligated dsDNA library was subsequently sequenced for 24 h on a MinlON device (ONT)

and the processed sequencing data, was mapped against the eGFP amplicon (Figure 16). To
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our surprise, the comparison of the coverage depth (read numbers) of the direct cDNA and
amplified cDNA generated sequencing data (Figure 15) reveals poorer sequencing quality for
the direct cDNA approach. However, the gradually lower coverage depth towards the 5'- end
of the eGFP mRNA, might not come from the adjusted protocol itself, but rather from a low
qguality mRNA sample. Very likely, the transcription of the eGFP plasmid DNA caused low
quality 5'- ends of the eGFP mRNA and this subsequently led to uncomplete 3'-end of the
corresponding cDNA. The read depth of the direct sequencing data shows an abrupt drop at
the position 59 (bp), which would be the position directly after the reverse complementary
sequence to the click-adapter (AA1) (Figure 15), the position of triazole backbone. On the
other hand, there is also an abrupt drop after 24 nt (position 24 of 5'-3' of second strand cDNA,
Figure 16) which cannot be assigned with the existing template. Thus, the abrupt drop at
position 59 nt could very likely be an ONT adapter trimming artefact, since the amplified
library also drops at this position.”8l A recent publication, reporting the successful
incorporation of triazole backbones for library preparation towards protein sequencing
approaches using nanopores from ONT, support this hypothesis, that the triazole does not
cause issues during nanopore sequencing. ”’! Further, it needs to be mentioned, that for
processing the reads of the direct cDNA sequencing approach no click-adapter trimming, as
for the amplified cDNA sequencing!’®, was performed. Thus, the coverage does not reach
zero, but the differences in read processing do not have an impact on the overall
interpretation of the results. Overall, the experiment towards direct cDNA sequencing using a
click chemistry-based protocol could achieve full coverage, even though the coverage depth

is gradually dropping towards the 5'-end.
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Figure 15. Coverage depth (normalized read numbers) of the eGFP model transcript of two independent runs on a MinlON

device (blue: direct click chemistry-based cDNA sequencing, orange: PCR amplified click chemistry-based cDNA sequencing).

2 5 ~GACGCTCTTCCGATCTACN-3’
57— Z—\ATGATACGGCGACCACCGAGAT&I?‘ACACTCTTTCCCTACACGACGCTCTTCCGATCTA-!GGGC... AGCTAA
AAAAAAAAAAAARAAAAAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT -3’ 59

Figure 16. Sequence of double stranded cDNA (5' to 3'; equally to 5'-3' of the original eGFP mRNA) obtained after
second- strand synthesis of the click-ligated first-strand cDNA. Structurally relevant sequence segments are color coded in
the following way: reverse complementary sequence to the click-adapter (AA1) in yellow; the forward amplification primer
(FP3) in green; complementary C nucleotide of the added 3'-azido-2',3'-ddG in red and the reverse complementary sequence

to reverse transcription primer (RT3) in turquoise.
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4.2. Unpublished Data towards the 2" Publication

4.2.1. Prologue

In the course of study towards the publication of Schénegger et al.[”], we were seeking to
expand the scope of y-phosphate modified ATP analogues in order to enable 5' -end labelling
of nucleic acid, allowing a click reaction with a molecule of interest. Moreover, we were
interested in the preparation of a click-functionalized 5'-cap-analogue, which should
represent a straightforward way for post-synthetic 5'-end capping of RNA, simply by clicking
it to the 5'-end, which has previously been modified with a clickable moiety via T4 PNK

catalyzed reaction using a y-phosphate modified ATP analogue.

The 5'-m’G cap, an N’-methylated guanosine being linked to the first nucleotide of the mRNA
via reverse 5' to 5'-triphosphate linkage, displays a conserved modification of eukaryotic
mMRNA. It plays an essential role in the recruitment of cellular proteins and is responsible for
cap- related biological functions, like pre-mRNA processing, nuclear export and cap-
dependent protein synthesis and further protects the mRNA from 5' to 3' exonuclease
cleavage. The capping takes place co-transcriptionally and in eucaryotic cells the 5' -cap exists
either in its cap 0 or cap 1 structure (Figure 17a), where the cap 1, displaying an additional
2'- O methylation, has been attributed to play an important role in evading the cellular
immune response.[®] Chemical modifications of these cap analogues can influence the
translation efficiency, nuclear stability and binding affinity, which, with respect to the recent
mRNA vaccine development has emphasized the importance of developing novel tri- and
dinucleotide cap analogues.[®! In order to avoid that cap analogues are connected with the
MRNA strands in the reverse direction, which results in a reduced translation efficiency since
the produced reverse-capped mRNA is not recognized by the ribosomes, two chemically
modified cap analogues reached high importance. First, the anti-reverse cap analog (ARCA)
(m’(3'-O-methyl)-GpppG) has been invented by Stepinski and improved by Jemielity and co-
workers, in order to be only connected to the 5'-end of mRNA in forward orientation.?%%2 This
cap 0 analogue has further been improved by the CleanCap® cap 1 analogues, which have

been developed by TriLink BioTechnologies (Figure 17b).[°% %3]

Apart from the development of cap analogues for co-transcriptional 5'- capping, also cap

analogues bearing clickable functionalities were synthesized. These hypermethylated azide or
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alkyne bearing caps, were attached to oligoribonucleotides via Cu(l)catalyzed azide-alkyne
cycloaddition, in order to mimic small nuclear (sn) RNAs, bearing a hypermethylated 2,2,7-
trimethylguanosine (m??’G) cap structure and became of exceptional interest after studies
have shown that nuclear delivery of nucleic acids have been enhanced by a synthetic sSnRNA

m%27G-CAP (Figure 17c).[?4-%¢l

Base
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Figure 17. a) Structure of cap 0 and cap 1. b) ARCA and CleanCap AG trimer.[%0 93] ¢) Exemplary structure of clickable cap

analogues.[95-96]

4.2.2. Results and Discussion

v-modified-ATP analogues and their potential application

Inspired by the work of Anthony and co-workers [*7], where a y-phosphate modified ATP-biotin
analogues (Figure 18) was accepted as substrate for the T4 PNK catalyzed 5'-end labelling of
ssDNA, we designed our library of click functionalized y-phosphate ATP analogues based on
the chemical entity thereof.[3”! Based on their y-phosphate modified ATP-biotin analogue, we
first started to synthesize y-phosphate modified phosphonamidates 2 and 3 of the published
work from Schénegger et all81 The synthesis of y-alkyne-phosphate modified
phosphoramidates has previously been published by Serdjukov and co-workers!”3], and thus
we wanted to apply the synthetic procedure to our phosphonamidates of interest. Especially
compound 3 was designed in reference to the y-modified phosphoramidate introduced by

Anthony et al., displaying a similar linker between the y-phosphate and the molecule of
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interest in terms of length and structure. In the work of the Pflum laboratory the molecule of
interest was biotin, whereas in our approach it should be a clickable functionality, namely N3
(Figure 18).°71 Since we did not achieve successful 5'-end labelling of oligonucleotides with
v- N modified triphosphates due to instability of the N-P bond of the phosphoramidates, we
started the preparation of y- phosphate modified phosphoesters due to the higher stability
the O-P bond.[®” %8 Again, we wanted to design the linker in reference to the ATP-biotin
analogue from Anthony and co-workers, as we originally thought longer PEG linkers are
beneficial for the design of the artificial T4 PNK substrates. Thus, we synthesized compound
7, with a PEG-3 linker between the y- phosphate and an azide, enabling subsequent click
reactions.[®”] Since compound 6, bearing an alkyne functionality, was commercially available,
we did not synthesize the alkyne modified analogue of compound 7, even though the linker
of 6 differs in chemical properties and length (alkyl linker and two CH; groups shorter than the

one of compound 7).
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Figure 18. a) Schematic representation of kinase catalyzed biotinylation by Anthony and co-workers. 7 b) y-phosphate

modified ATP analogues from Schénegger and co-workers.[87]

For our initial experiments, however, we first tested 6 and 7 regarding their potential as T4
PNK substrate and synthesize, if necessary, the alkyne bearing analogue of compound 7. In
order to expand the scope of the y- phosphate modified phosphoesters, we further wanted
to synthesize an ATP analogue bearing a DBCO functionality, enabling subsequent
straightforward SPAAC with any N3-bearing molecule of interest. Successful 5'-end labelling of
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single-stranded nucleic acids with a DBCO-ATP analogue via T4 PNK catalyzed reaction, could
be combined with 3'-end labelling of nucleic acids via yeast poly(A) polymerase (yPAP) using
3'-Azido-2',3'-ddATP for RNA or terminal deoxynucleotidyl transferase (TdT) using 3'-azido-
2',3'-ddGTP for ssDNA.[30-51, 58,991 The 5'-DBCO and 3'-Ns functionalized nucleic acids could
then undergo SPAAC in order to circularize nucleic acids or to form concatemeric structures,
depending on the reaction conditions. For the preparation of the y- DBCO-PEG4-ATP
analogue, we aimed to apply the same synthetic route as described in our publication!®’],
which was performed in reference to Hacker et al.l’8 199 Since for this direct alkylation of the
v- phosphate of ATP, either the tosylates or bromides of the alkylating reagents are
required™, compound 24 was synthesized as a precursor for the subsequent Sn2 reaction.
The initial approach for synthesizing 24, was based on the protocol of Kettenbach et al., where
2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) in the
presence of N,N-diisopropylethylamine (DIPEA) was used as coupling reagent (Scheme 1b).[101
The amine- carboxylic acid coupling worked, was however low vyielding, with significant
amounts of tetramethyl urea impurities. Thus, we tested another coupling reagent, isobutyl
chloroformate (IBCF) in combination with 4-methylmorpholine (NMM) as base, which is a
standard coupling reagent used for peptide synthesis.[1%?l The reaction afforded 24 with a yield

of 83% (Scheme 1a).
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Scheme 1. Synthesis of 24. a) Activation of 22 using i) IBCF and NMM, followed by the addition of ii) 23 at -15°C in dry DMF
under Ar atmosphere, allowed to warm to r.t., 18 h, yielding 83%. b) activation of 22 using i) HBTU and DIPEA, followed by ii)

the addition of 23 at r.t. in dry DMF under Ar atmosphere, 18h, yielding <35% with tetramethyl urea impurities.

For the subsequent alkylation of the y-phosphate of ATP, it was necessary to transfer ATP
disodium salt into its tetrabutylammonium salt, in order to guarantee strictly anhydrous

conditions.[®® The Sn2 reaction afforded the y-DBCO-PEG4-ATP (Scheme 2).

NH, NH,
(NfN i) CHELEX-100, /N SN

o o o N N/) _(BuNBr 09\/\ o <N \N/)
HO-P-0-P-0-P-0 2 9

,~0-P-0-f o ii) 24, dry DMF, YV T}Xv 0-P-0-P-0-P-0

o O OH 18 h, rt. o O OH 0

Na™ Na

OH OH Na* Na* OH o

25

Scheme 2. Alkylation of the y- phosphate of ATP with compound 24 via S\2 reaction, affording 25.

In parallel to the synthetic approach of 25, the y-phosphate ATP analogues of the published
compound library of Schonegger et al., were screened towards their potential application as
T4 PNK substrate.l®”] These experiments revealed that rather short linkers between the
clickable functionality and the y-phosphate make the ATP analogues suitable as T4 PNK
substrates, whereas ATP analogues with longer linkers did not afford successful labelling
reactions with T4 PNK. This hypothesis was strengthened by molecular docking analysis.[?”!
Since compound 2, y-propargyl-ATP was identified as the best substrate for T4 PNK catalyzed
5'-end labelling reactions, we felt encouraged that y-allyl-ATP, compound 26, might be an
equal substrate for T4 PNK, due to its identical linker length.[®”] The idea was to label the 5'-
OH of a ssDNA, RNA or oligonucleotides with compound 26 catalyzed via T4 PNK and
subsequently perform a tetrazine ligation through an inverse electron-demand Diels—Alder
reaction (IEDDA) with the allyl group of the potentially transferred y-phosphate of compound
26, which would enable another type of click reaction apart from CuAAC and SPAAC (Scheme
3).1871 The approach of using alkene-tetrazine ligation for labelling applications, where the
nucleobases carry a vinyl functionality, has been published earlier and thus encouraged our

a pproach . [33, 103-104]
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Scheme 3. Suggested application of compound 26 for T4 PNK catalyzed labelling reaction and subsequent tetrazine ligation,

with a tetrazine bearing molecule of interest in an inverse electron demand Diels Alder reaction (IEDDA).

The synthesis of 26 was performed similar to 25, with allyl-bromide as alkylating agent

(Scheme 4).
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Scheme 4. Synthesis of compound 26.

Although the expectations for the T4 PNK catalyzed labelling reaction with compound 25 were
low after previous experiments did not indicate successful labelling reactions with y-ATP
analogues bearing a long linker between phosphate and clickable functionality 87, the T4 PNK
catalyzed labelling reaction with a 43 mer oligonucleotide (ODN1) was nevertheless
performed with y-DBCO-PEG4-ATP (25). However, as expected, no labelling was observed,
which appears reasonable, taking the long and bulky DBCO-PEG4 linker and the relatively
narrow binding pocket of the T4 PNK into account.[!%! The same T4 PNK catalyzed reaction
with ODN1 was performed in the presence of compound 26. To our surprise, despite the far
less bulky end-group, no labelling of the 5'-OH of ODN1 was observed (Scheme 5). One reason
therefore could be, that after the synthesis and 2-3 times RP-HPLC purification, inorganic salt
impurities, such as bromide salts (e.g. NaBr), which are not visible via NMR, are still present.
Those salt impurities might inhibit the subsequent T4 PNK catalyzed labelling reaction.
However, as we isolated the sodium salts of the synthesized compounds after RP-HPLC
purification by precipitation, we assumed to get rid of any other salt impurities. Previously we
already faced similar issues where we observed higher labelling yields with compound 5, y-
butynyl-ATP, which has been synthesized with the corresponding toslyate as alkylating agent,

compared to the labelling with 5, which has been synthesized with the corresponding bromide
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as alkylating agent. Thus we assume that although we performed several RP-HPLC
purifications, followed by precipitation of compound 26, remaining salt impurities, which were
not visible by MS, HPLC and NMR, inhibit the T4 PNK reaction. To prove this hypothesis, it
would be necessary to perform the synthesis of 26 with allyl toslyate, instead of allyl-bromide

as alkylating agent and subsequently repeat the T4 PNK catalyzed labelling reaction with

ODN1.
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Scheme 5. Unsuccessful T4 PNK catalyzed labelling reaction on ODN1 with compound 25 and 26 respectively.

Since the original purpose of compound 26 was to perform a tetrazine ligation upon successful
5'-end labelling with the allyl group transfer catalyzed by T4 PNK, we anyway wanted to
investigate whether compound 26 itself is suitable to undergo a tetrazine ligation, despite the
labelling did not work. Therefore, we set up a reaction between compound 26 and a tetrazine
bearing dye (Pyrimidyl-Tetrazine-Cy3, from Jena Bioscience), and tracked a potential
conversion of the formed product by the UV trace in the RP-HPLC reaction control, indicating
two absorbance maxima, one at 260 nm for the ATP analogue 26 and another one for the
tetrazine dye at 550 nm.[1%I Since tetrazine ligations with vinyl modified nucleobases have
shown low second-order reaction rate constant with commercially available tetrazines, we did
not expect our reaction to be fast and also assumed, based on previous tetrazine ligations with
unstrained alkenes, the formation of more than one product, namely the oxidized, pyridazine
(ATP-Tz-oxi) product and two tautomeric isomers of the reduced, dihydropyridazine (ATP-Tz-

red) product (Scheme 6) [33,103-104]
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Scheme 6. Proposed reaction scheme of the tetrazine ligation between allyl-ATP and Tetrazine dye to from ATP-Tz-oxi and

isomers of ATP-Tz-red.

The initial reaction was performed in a 1:1 ratio (20 nmol each) of compound 26, added as
10 mM dilution in H;0, and Pyrimidyl-Tetrazine-Cy3, applied as 1 mM dilution in H;0. The
reaction was performed in a 1.5 mL reaction tube on a thermoshaker (600 rpm) at 26°C and
since after 18 h no product formation was observed via analytical RP-HPLC, 0.5 equiv. of dye
(10 nmol) were added and the reaction mixture was heated up to 37°C for further 23 h. The
reaction control indicated now the formation of 3 product peaks at 6.69, 6.82 and 7.75 min.,
while 3.72 min corresponds to compound 26 and the peaks at 8.08 and 8.24 min belong to the
tetrazine dye (Figure 19). The peak at 6.69 min indicating two absorbance maxima at 264 and
551 nm, could potentially be a fraction of the desired product. Thus, again 0.5 equiv. of dye
were added to the reaction mixture and stirred for a total time of 75 h. The peaks at 6 min
increased, however the starting material started to degrade to ADP and AMP. The reaction
was continued for a total duration of 5 days, leading to an increase of the desired product
fractions, but also the degradation of the starting material 26 proceeded. An aliquot of the
crude reaction mixture was analyzed by ESI-MS, which, apart from the starting material,
indicated a specific m/z of 732 which can be assigned to the desired reduced product with z=2
(Scheme 6) and also m/z of 1466. Thus, the reaction was repeated in a 52 nmol scale and a
ratio of 1:3 of 26 and tetrazine-dye and purified by semi-preparative RP-HPLC. The collected
fractions, which correspond to the peaks at 6 min, again showed the m/z 732. Due to the still
insufficient reaction scale and the corresponding theoretical yield of 0.076 mg (100%), and a
conversion yield of roughly 22% (taken both potential isomers into account), it was however

not possible to perform H and 3P NMR analysis.
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Figure 19. Analytical RP-HPL chromatograms a) Reaction control after 41 h. b) Reaction control after 75 h.

Unfortunately, due to time restrictions finishing the experiments for the publication, it was
not possible to repeat the reaction in bigger scale for isolating sufficient material and
performing subsequent *H and 3P NMR analysis. Thus, it is still not clear whether the reaction
worked or not. It would be necessary to repeat the reaction in at least 2 mg scale of compound
26 and a tetrazine bearing molecule, whereas it would be better to choose a simple tetrazine
functionalized compound such as the commercially available 3,6-di-2-pyridyl-1,2,4,5-tetrazine
(Figure 20), since it is cheaper and available in bigger amounts. This dipyridyl-s-tetrazine might
also be beneficial for the reaction with the unstrained alkene, since previous work has shown
successful IEDDA reactions with these tetrazine derivates in combination with unstrained

vinylboronic acids and unstrained S-allyl cysteine amino acid.[3% 107]

Originally the tetrazine-Cy3 dye was chosen in order to perform the click reaction on
oligonucleotides, after the labelling via T4 PNK, with a similar dye as used for the CuAAC and
SPAAC (Cy3-azide and DBCO-Sulfo-Cy3) in our previous publication.®]
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R=H (3,6-di-2-pyridyl-1,2,4,5-tetrazine) R=H (3-pyrimidyl,6-phenyl-1,2,4,5-tetrazine)
or dye or dye

Figure 20. Structure of 3,6-di-2-pyridyl-1,2,4,5-tetrazine (derivate) (left). Structure of 3-pydimidyl,6-phenyl-1,2,4,5,-tetrazine
(derivate) which has been applied for the performed IEDDA with compound 26 (right).

In case the tetrazine ligation does not work, which could be reasonable due to the rather low
electron donating character of the allyl-phosphorester group, compound 26 could potentially

undergo a thiol-ene reaction, which would enable yet another click reaction.[108-109]

Although the synthesized y-phosphate modified ATP analogues 25 and 26, as well as some
compounds from the work of Schénegger and co-workers®”], were not suitable as substrates
for T4 PNK, these compounds might be accepted by other enzymes. Serdjukow et al. for
example showed, that y-alkyne modified deoxynucleotide triphosphates, which have been
linked to a fluorophore via click chemistry, can be incorporated into DNA by DNA
polymerase.”3 This approach could be applied in single-molecule real-time (SMRT)
sequencing.l'’% Hence, it would be interesting to investigate whether a similar approach is
possible with our y-modified ATP analogues, in particular studying the incorporation of our
fluorophore-clicked y-modified ATPs in RNA by RNA polymerases, such as T7 RNA polymerase.
These compounds could further be used to investigate protein kinase activities and other

enzymatic processing.[111-113]

Click-functionalized 5'-cap analogue

Encouraged by the successful 5'-end labelling of oligoribonucleotides®”!, we were motivated
to expand the application tool box by designing a clickable 5'- cap analogue. We envision to
chemically ligate a click-functionalized cap-derivate to the 5'- end of propargyl-labelled ribo

nucleic acid, which has previously been installed by T4 PNK.

Motivated by the recent developments of 5'- cap analogues, we wanted to combine the
approach of using synthetic anti-reverse cap analogues with the idea of modifying caps with a
clickable functionality. Therefore, our m;GpppA cap (29) should bear an azide functionality

directly at the 3'- position of A and after the successful 5'- end labelling of the 5' OH group of
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a synthetic oligoribonucleotide or a dephosphorylated IVT ribonucleic acid with y-propargyl-
ATP 29, it should be attached via CuAAC to the transferred propargyl-phosphate of 29,
extending the native phosphodiester linkage between two nucleotides only by one 1,4-
disubstituted 1,2,3-triazole linkage (Figure 21). This approach could be beneficial for post-
synthetic capping of IVT RNA, or for capping of synthetic oligoribonucleic acids and

subsequent investigation of diverse biological mechanisms and applications.
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Figure 21. Proposed application of click-functionalized cap 29. 1t step: 5'- end labelling of 5-OH of ribonucleic acid with

v- propargyl-ATP; 2" step: CuAAC with the transferred propargyl-phosphate of 29.

The proposed synthetic pathway for cap 29 (Scheme 7) is based on previous publications,
where the first step, the phosphorylation of the commercially available 3'-azido-3'-desoxy-
adenosine with POCI3 was performed using an adjusted protocol from Stepinski and Zhang et
al.’2 114 The intermediate 27 was isolated after RP-HPLC as its tris-triethylammonium salt.
The subsequent activation of the monophosphate with carbonyl diimidazole (CDI), resulted in
a conversion yield of 70%. The typically higher yielding approach for the formation of
phosphorimidazolide using an imidazole/triphenylphosphine/2,2'-dithiopyridine reagent
system had to be avoided in order to prevent the 3'-N3 undergoing a Staudinger reaction in
the presence of triphenylphosphine.[!13] After semi-preparative RP-HPLC purification, the
collected product fractions indicated the desired mass of 421 in low resolution ESI-MS. Upon
lyophilization, the characterization by high resolution ESI-MS and NMR (*H and 3'P) only
revealed the starting material 27 (m/z 371) and the dimer GppG (m/z 725). We assume that
28 got hydrolyzed during lyophilization or storage in aqueous solution, which further led to
the dimer formation. Since it was unfortunately outside of the experimental and funding time,

it was not possible to repeat the reaction. However, we assume that it would be necessary to
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isolate the product by precipitation, as described by Zhang et al., instead of purification by RP-
HPLC.[114]
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Scheme 7. Proposed synthetic pathway for the preparation of the click-functionalized cap analogue 29.
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4.3 Click Modified Cu(ll)-Dependent Nucleic Acid-Based Artificial Ribonuclease
for Targeted Cleavage of SARS-CoV-2 Genomic RNA

4.3.1 Prologue

The coronavirus disease 19 (COVID-19) and its associated pandemic was caused by the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which has first been identified in
December 2019 in Wuhan (China), after clusters of patients with unknown caused pneumonia
have been reported.[!16117] Dye to its higher human-to-human transmission rate, compared
to related beta coronaviruses (SARS-CoV, severe acute respiratory syndrome coronavirus and
MERS-CoV, middle east respiratory syndrome coronavirus), SARS-CoV-2 accelerates a rapid
spread across the word.[118] As of September 2023, there are more than 760 million confirmed
positive cases and 6.9 million reported deaths worldwide.!'*°! Although as of June 2023, over
13 billion vaccines have been administered to decrease positive cases and deaths, there is still
an imbalance of access to vaccines over the global population.[!1120] Moreover, the mutated
variant strains of SARS-CoV-2 are still causing new local and global outbreaks by evading the
immunity of vaccinations or previous infections.[!18 1211221 On the spike (S) protein alone,
which the SARS-CoV-2 is utilizing for binding to the host cell surface ACE2 (angiotensin-
converting enzyme 2) during the host cell entry and which is targeted by most vaccines, more

Ill

than 80 variants have been identified.[!23124] Several “variants of concern”, including 1.1.7
(Alpha), B.1.351 (Beta), P.1 (Gamma), B.1.427/B.1.429 (Epsilon), B.1.617 (Kappa and Delta),
and B.1.1.529 (Omicron) are harboring mutations in the S-protein, which facilitates to evade
immunity and partially vaccine and monoclonal antibody therapeutics.?% 125 Although the
incidence of Covid-19 has been vastly decreased by vaccination in developed countries!*?¢! and
the World Health Organization (WHO) ended its public health emergency of international
concern (PHEIC) declaration in May 2023 171 there is still an urgent need for alternative

therapeutic approaches, especially towards targeting more conserved regions of the SARS-

CoV-2 RNA in order to inhibit viral infection and progression. 128!

SARS-CoV-2 is an enveloped, positive-sense, single stranded RNA ((+)ssRNA) virus, bearing a
genome of almost 30 000 nucleotides. It shares approximately 79% nucleotide sequence
identity with SARS-CoV and about 50% with MERS-CoV.[12°1301 |t js composed of a 5'-
untranslated region (UTR), the ORF1a/b (open reading frame), which encodes non-structural
viral proteins, and a 3'-segment encoding for structural proteins, namely the spike (S),
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nucleocapsid (N), envelope (E), and membrane (M) protein, and a 3'- UTR (Figure 22).[122 130-
1311 While the S protein is responsible for entering the host cell by attaching to the ACE2
receptor, the N protein is supposed to have multiple functions, being mainly responsible for
the identification and the wrapping of the viral RNA into a symmetrical structure.[132135 The
M protein, displaying the most abundant viral structural protein is essential for the virus
assembly and budding, whereas the E protein is supposed to be multifunctional and is related

to the pathogenesis process. 136138l
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Figure 22. a) Schematic drawing of SARS-CoV-2 virion of a diameter between 80-120 nm [139], displaying the 4 structural
proteins, S (spike), E (envelop), M (membrane), N (nucleocapsid). b) Map of the SARS-CoV-2 genomic RNA (NCBI RefSeq:
NC_045512.2 [117))

To stop the pandemic and further spreading of the virus, numerous SARS-CoV-2 vaccine
candidates have been developed. As of December 2022, the WHO has granted 12 vaccines
emergency use, whereof two of them, Spikevax from Moderna and Comirnaty from
Pfizer/BioNTech are of RNA origin.[*% All vaccines are administered in order to confer
immunity against a SARS-CoV-2 infection and thus preventing severe sickness and
symptoms.*% Nucleic acid-based vaccines, namely either DNA or RNA encoding for antigenic
proteins, are using their hosts transcriptional and/or translational apparatus for producing
disease specific antigens, namely proteins which are then processed, presented, and
recognized by the immune system, thus activating T cell and humoral immune response.[41-
1421 While especially mRNA based vaccines showed great potential during the SARS-CoV-2

pandemic, the highly mutating nature of the spike protein, which has been the target of the
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two first granted mRNA based vaccines, facilitates immune evasion and also monoclonal
antibody resistance.['2% 141, 1431 To gvercome these challenges, several other therapeutic
nucleic acids (TNA) are under development, including antisense oligonucleotides (ASOs)
targeting the viral RNA.[122 141, 144-145] ‘Thoge short single-stranded nucleic acids target specific
complementary sequences of the host RNA and depending on their design usually either
induce target degradation upon RNase H recruitment (gapmer) or block translation by high-

affinity binding to specific regions of complementary RNA (mixmer).[122 146]

Hence, motivated by successful ASO therapeutics, targeting a variety of infectious, metabolic,
and neurological human diseases 141, and promising ASO candidates targeting the RNA of
SARS-CoV-2 [122,144-145] ‘the haseclick GmbH together with the LMU Munich and Kellett group
from the Dublin City University), were eager to develop a novel antisense oligonucleotide

related therapeutic to inhibit viral SARS-CoV-2 replication.

The idea of our ASO-related therapeutic is based on early developments in an artificial gene
editing technology, namely artificial (ribo)nucleases. These structures consist of an
oligonucleotide which is covalently linked to a “molecular scissor” moiety (organic or inorganic
catalysts for RNA cleavage) and together these nucleic acid-metal complex hybrids enable
catalytic cleavage of the RNA target, based on sequence specific target recognition.[147-150]
These “molecular scissors” are often specifically designed ligands, which upon complexation
of metal ions (often divalent metal ions, such as divalent transition metal ions Zn(Il) and Cu(ll),
which play an important role in the catalytic mechanism), induce artificial nuclease activities.
[148-149]  The Kellett group has applied this approach towards chemically modified triplex
forming oligonucleotides (TFO), bearing a Cu(ll) binding ligand, which, upon coordination of
copper ions, leads to sequence specific cleavage.[**”- 151 The mechanism of the strand cutting
is based on the in-situ formation of a Cu(ll)-ligand-TFO-target hybrid, which upon the addition
of a reductant, such as ascorbic acid or superoxide radicals (¢O,-, Figure 23)*%2, creates the
active Cu(l)-ligand-TFO-target-hybrid. Cu(l) further leads to the formation of reactive oxygen
species (ROS), especially hydroxyl radicals (¢OH) via Fenton/Haber—Weiss reaction (Figure 23),
which is ostensibly the most powerful oxidizing radical in biological systems.[152-156] The
necessary hydrogen peroxide (H;0:) is generated via superoxide dismutase (SOD) type

pathway, from superoxide radicals (¢O;-). These ROS are then supposed to act as chemical
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nuclease.[’>1 1571581 The Kellett group further developed this artificial gene editing approach

by attaching metal-binding ligands to TFOs using click chemistry.[15% 159-160]

/ soD: 0, +Cu?* —— 0, + Cu* \

2H*+ 0, ——— H,0,

20, + 2H* —> H,0,+0, (SOD)

Fenton: H,0,+Cu* éH +OH + Cu?*

— 0, + 6H+0H/

Figure 23. Formation of radical oxygen species, by the participation of Cu ions [154-156] SOD= superoxide dismutase (SOD) type

Haber-Weiss: H,0, + O;'

pathway.

4.3.2 Results and Discussion

In our novel approach, we now wanted to combine the method mentioned above with classic
ASO therapeutic technology. Herein, a chemically modified oligonucleotide bearing a Cu-
binding ligand, targeting a highly conserved stem loop sequence of the SARS-CoV-2 genomic
RNA, should, upon binding, form a DNA-RNA hybrid. After complexation of copper and
reduction of Cu(ll) to Cu(l), the thereby formed ROS should preferably lead to site-specific
cleavage of the SARS-CoV-2 RNA and thus inhibit viral replication (Figure 24). For initial
experiments, Cu(ll) is added upon hybrid formation, however for specificity reason, we later

aim to pack the ASO system, including Copper, into lipid nanoparticles.

/\/\ SARS-CoV-2 target sequence

N\ oligonucleotide with complementary sequence

Figure 24. Schematic representation of our proposed mechanism of site-specific cleavage of SARS-CoV-2 genomic RNA.
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In order to overcome potential limitations of our approach caused by viral mutations, we
aimed to target the stem-loop 4 (SL4) sequence of the SARS-CoV-2 genomic RNA. SL4 is one
of 5 hairpin loop structures of the highly structured 5'-UTR and is supposed to be a relatively
stable and long hairpin. It has further been hypothesized that SL4 participates in the synthesis
of subgenomic RNA fragments.[161-163] For the off-target sequence, stem-loop 2 motif (S2M) at
the 3'-UTR was selected. (Figure 25a).[*%* |In order to investigate binding specificity and
cleavage activity towards the target and off-target using different techniques, a series of three
oligoribonucleotides for each, target and off target have been designed. ORN1 and ORN4
represent the unmodified sequences of target and off-target sequences respectively. ORN2
and ORNS are bearing a 5'-fluorescent dye, namely SulfoCy5 and Cy3 respectively, whereas
ORN3 and ORNG6 display, additionally to the 5'-dye modification, a 3'-BHQ2 (black hole
guencher 2-phosphate) modification (Figure 25b). The modifications of ORN3 and ORN6 were

designed in reference to Farzan et a/.[1]

B
SL4 SR §
a) G5 A A0 b) Target SL4 (44 nts, 84-127)
U U i
- v U= A -20770 ORN1:5-/\/\ .3’
GeU U—A
wC U — - ORN2: 5’-CY5- /\S\ -3
C—G A—U
A—U C—G ORN3: 5’-CY5- / \/"\. .BQH2-3’
C—G C A
Us_¢& S c
CU:AC AG B
wSUm bt i Off-Target S2M (37 nts, 29730-29766)
= c U
8=¢ - 20-A_G, ORN4: 5- /\A\ 3
- U—A =
o s G—C ’ ’
N §:§ E_g i ORNS5: 5'-CY3- /\/\ 3
e - i ORNG6: 5'-CY3- / NS\ .BHQ2-3’
A u

(0]

Figure 25. a) SL4 and S2M stem loop sequences of the SARS-CoV-2 genomic RNA; images taken from Ryder et al.l1631 b) Target

and off-target sequences mimicking the SL4 and S2M stem loop respectively.

For first screenings, 10 oligonucleotide sequences, ODN1-ODNS6, targeting the SL4 were
designed in reference to Lulla et al., covering different positions of the hairpin structure with
varying sequence length between 19 and 31 nts (Figure 26).[%% In order to attach a Cu-binding
ligand via click chemistry, the oligonucleotides were synthesized by standard
phosphoramidite synthesis, incorporating one C8-alkyne modified base in each strand. In
order to investigate the best binding affinity and target specificity, different positions of the
internal C8-alkyne modification on varying bases have been chosen (Figure 26a). These C8-

alkyne modified oligonucleotides were ligated to the Cu-binding “DC-Py-Ns”" ligand, using Cu(l)
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catalyzed azide-alkyne cycloaddition (CuAAC), which was provided by the Kellett group. The
novelty of this ligand, invented by the Kellett group is, that once it is clicked to an
oligonucleotide, the formed 1,4-disubstituted 1,2,3-triazole, in particular one nitrogen atom

thereof (Figure 26b), takes actively part in the copper coordination.

a)

—— ODN1A-C
ODN2
—— ODN3A-C
—— ODN4
—— ODN5
ODN6
© (C8-Click modification

G-U
G:-C
U-A
G-C
Uu-G
GrcC
U-A
5. CeG -7
b)
N
i
N o N, "Click' o
SN =
(N R o THPTA, CusO,, Na Asc. \ /’E
N0 - H,0/DMSO (1:1) ne
:‘/ 0\/\/\N3 o.n., rt. /\.)V\/\
ODN1-6 ODN1-6*

Figure 26. a) Schematic representation of target ORN1, mimicking SL4 (84-127 nt), with the annealing, complementary
oligonucleotide sequences ODN1-6. For illustrative purposes, the depicted secondary structure was calculated using RNAfold
web server [166] ysing the default parameters, and then visualized using fornalt¢7l, b) Scheme of CuAAC click reaction of C8-
alkyne modified oligonucleotides ODN1-6 with the DC-Py-N3 Cu(l) binding ligand, yielding the Cu(l)-ligand binding
oligonucleotides ODN1-6*. For exemplary illustration, an internal C8-alkyne dT modification is displayed. The nitrogen atoms,

in red are actively taking part in the Cu coordination.

The CuAAC of the C8-alkyne modified oligonucleotides ODN1-ODN6, were performed in two
different scales, namely 25 nmol for test reactions and 250 nmol for scale up. Herein, CuSOa4
was used as Cu(ll) source, which got reduced in-situ by sodium ascorbate to form the active
Cu(l) species, being necessary for the catalytic cycle.l*” To maintain Cu(l) in its active form and
thus accelerating the click reaction, THPTA (tris(3-hydroxypropyltriazolylmethyl)amine) was
used as ligand during the click reaction and once no further conversion of the reaction was

monitored via RP-HPLC, the reaction was quenched with EDTA in order to complex the Cu
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ions.!1>1 1881 Prior to semi-preparative RP-HPLC purification, the crude reaction mixtures were
purified by gel filtration (size exclusion chromatography). After RP-HPLC, purification the Cu-
binding ligand clicked oligonucleotides were again desalted, by gel filtration (size exclusion
chromatography), in order to remove residual buffer (TEAA) impurities from the RP-HPLC,

which could interfere with subsequent experiments.

For the initial analysis of the binding affinity and target specificity of the oligonucleotides
towards target and off-target sequences, all C8-alkyne modified oligonucleotide (ODN1-
ODNB®G) were incubated individually with target and off-target oligoribonucleotides, bearing
the 5'-dye modification (ORN2 and ORN5), in a ratio of 1:5 (ORN:ODN). The samples were
incubated at physiological conditions (37°C, pH 7) for 2 h and subsequently analyzed via native
polyacrylamide gel electrophoresis (nPAGE). The gels were imaged using different filters,
according to the fluorescent dyes, subsequently stained with SYBR Gold and then imaged
again using additionally the blue filter to display the SYBR Gold staining. The gel image (Figure
27) indicates that ODN5 appears to be the best binder for ORN2 since it shows the highest
intensity of the ORN2-ODN hybrid and only a very week signal for ODN2 alone. ODN6 on the
other hand does not show high binding affinity towards ODN2, since the signal of ODN2 alone
is relatively high compared to 5. ODN1 (A-C), ODN2, ODN3 (A-C) and ODN4 indicate also
binding affinity towards ODN2, but with a lower intensity level compared to ODN5. No ODN

showed binding affinity towards the off target.

T oT
(ORN2) (ORNS) 1A 1B 1B 2 3A 3B 3C 4 5 6

— ORN2-ODN*

— ORN2

— ORNS

— ODN*

Figure 27. nPAGE (20%) of C8-alkyne modified oligonucleotides (ODN1-6) incubated with ORN2 (T) and ORNS5 (OT); image
was taken after SYBR Gold stain; filter: red= Cy5, green=Cy3, blue= SYBR Gold.

Next, the Cu-binding ligand clicked oligonucleotides (ODN1-6*) were incubated with target
ORN2 (T) and off target ORN5 (OT) as described above to investigate if and how the Cu-
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binding-ligand changes the pattern of the binding affinities towards target and off target. The
nPAGE and imaging was performed as described above and the gel image is displayed in Figure
28. The gel image of the ODN1-6* indicates a similar pattern as the C8-alkyne modified
oligonucleotides. Again, ODN5* has the best binding affinity towards the target (ORN2), while
ODN6* does not show any ORN2-ODN6* hybrid at all. ODN1* (A-C), ODN2*, ODN3* (A-C) and
ODN4* form ORN2-ODN* hybrid, however in a significant lower intensity compared to
ODNS5*. Especially for ODN3* (A-C) the hybrid formation seems to be very week, which can be
assumed from the low signal of the ORN2-ODN* hybrid. Since, both binding analyses, with C8-
alkyne and Cu-binding ligand clicked oligonucleotides revealed that ODN5(*) shows the
highest affinity towards the target, while ODN6(*) does not and ODN3 (A-C) especially for the
clicked oligonucleotides gave a very poor signal for the hybrid, the following analysis regarding
binding and cleavage were performed only with the sequences of ODN5*, ODN4*, ODN2* and
ODN1* (A-C).

T ot
(ORN2) (ORNS) 1A*  1B* 1C* 2*  3A* 3g* 3C* 4% 5% 6%

— ORN2-ODN*

— ORN2

— ORNS

— ODN*

Figure 28. nPAGE (20%) of Cu-binding ligand clicked oligonucleotides (ODN1-6*) incubated with ORN2 (T) and ORN5 (OT);
image was taken after SYBR Gold stain; filter: red= Cy5, green=Cy3, blue= SYBR Gold.

Since the crucial step of our approach is based on the complexation of copper by the ligand
clicked on the oligonucleotide sequences, the next binding analysis was performed with a
copper source, namely Cu(Cl40),. Therefore, the selected Cu-binding ligand-ODN (5 equiv. of
target ODN) was mixed with an aqueous Cu(Cl40) solution (10 equiv.) and incubated at r.t.
for 10 min. Afterwards target and off target (ORN2 and ORN5; 1 equiv. each) were added and
incubated for 18 h at 37°C. For comparison also the C8-alkyne modified ODN were incubated
with the copper source and ORN2 and ORNS5 in the same manner. As reference, target and off
target samples alone were also incubated under the same conditions (buffer, temperature,

time). Subsequent nPAGE and imaging was performed as described above. The gel images are
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displayed in Figure 29. It reveals that ORN2-ODN* hybrids, especially with ODN4* and ODN5*
show high intensity levels, followed by ODN1* (A-C). ODN2(*) in contrast, showed only poor
hybrid formation. Moreover, the direct comparison of ODN4/5 and ODN4*/5* with cooper
indicated, that upon copper complexation the ORN2-ODN* hybrid even seems to be stabilized,

which would be beneficial for specificity of subsequent cleavage.

Overall, the binding assays reveal that the oligonucleotide sequences annealing at the position
towards the 5'-end of the target stem loop (including the loop itself), show a higher binding
affinity towards the target. The finding, that the better affinity appears on the 5'-upstream

region of the stem loop has already been shown in a previous publication.[164

T oT 1A* 1B* 1c* 1A 1B 1C T oT 2% 4* 5* 2 4 5
(ORN2) (ORN5) Cu Cu Cu Cu Cu Cu (ORN2) (ORNS) Cu Cu Cu Cu Cu Cu

— ORN2-ODN*

— ORN2

— ORN5

— ODN*

Figure 29. nPAGE (20%) of ODN(*)-ORN binding analysis with and without copper (Cu); image was taken after SYBR Gold
stain; filter: red= Cy5, green=Cy3, blue= SYBR Gold.

Since ODN4* and 5* indicated the best binding affinity towards target ORN2, the cleavage
assays were performed only with these two sequences, whereas the first cleavage assay was
performed solely with ODN5* and the conditions were based on previous experiments using
TFOs for artificial gene editing approaches.['>%-160] For this first cleavage approach, ODN5* was
incubated with Cu(Cl40); like in the previous experiment, before Na ascorbate was added and
incubation continued at r.t. for 10 min. Finally, ORN2 and ORN5 were added and incubated at
37°C for 18 h. The following nPAGE and imaging was performed as previously described and
the gel image before SYBR Gold staining, as well as the different conditions are displayed in
Figure 30. Looking at the gel image however indicates that no degradation of any band can be
detected, thus the amount of sodium ascorbate in the reaction mixture might have been too
low to lead to successful Cu(ll) reduction and subsequent Cu(l) induced cleavage. On the other

hand, the ORN-ODN band intensity in the gel image is weaker than in the previous
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experiments, thus maybe there was even some degradation, but we were not able to detect
the degradation products, by accident forgot to perform SYBR Gold staining, as we assumed
to expect a smear rather than only weaker band intensities. Nevertheless, for the next

experiment the amount of sodium ascorbate needed to be increased.

ODNS5*
—_—
A1 A2 B1 B2

T ot
(ORN2) (ORNS)

— ORN2-ODN* b)

— ORN2 T/OF ODN* Cu  NaAsc.

— ORNS Al 1 5 10 250
A2 1 5 10 25
BL 1 10 20 500
B3 1 10 20 50

Figure 30. a) nPAGE (20%) of ODN5* incubated with T/OF, Cu(Cl40), and sodium ascorbate (Na asc.) according to the
conditions, given in table b) (1= 1 equiv.= 0.5 pmol; details see section 6.4.4) image was taken after before SYBR Gold stain;

filter: red= Cy5, blue= Cy3.

For the second cleavage experiment, the samples for ODN5* and ODN4* were prepared in
the same manner as in the previous experiment, with modified molar ratios, especially with
an increased ratio of copper to reductant (Figure 31b). The gel image (Figure 31a) now
indicates clear degradation, which is attributed to the appearing smear of the ORN2-ORN4*
hybrids. The smear, however, does not only appear for the ORN2-ODN4* hybrid, but also for
the oligos themselves. Similar pattern applies for ODN5*, yet in a lower extent. Especially the
conditions B, C and D, with either 1:500 (B and D) or 1:250 (C) seem to lead to cleavage. The
conditions seem to be better compared to the previous experiment, since this experiment
showed evidence for cleavage. However, the damage does not indicate target specificity,
which is mandatory for this approach. Also, it would have been necessary to perform a
negative control (without the addition of copper and sodium ascorbate), to enable a direct

comparison.
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Figure 31. a) nPAGE (20%) of ODN4* and ODN5* incubated with T/OF, Cu(Cl40), and Na ascorbate according to the conditions
A-D, given in table b) ; red= Cy5, green=Cy3, blue= SYBR Gold.

In order to quantify the interaction strength of the target oligoribonucleotide and best
performing oligonucleotides, microscale thermophoresis (MST) experiments have been
carried out.

Excursion: Thermophoresis describes the directed movement of molecules in a temperature
gradient and since this movement strongly depends on molecular properties (e.g. size, charge,
conformation, hydration shell), this method is highly sensitive to changes in molecular
properties. Once a desired molecule binds to the target molecule, the molecular properties
will change, resulting in a change in the speed by which the target molecules escape from the
temperature gradient. This temperature gradient (AT = 2 - 6°C) is induced by an infrared laser
(Aemission= 1480 nm). For detecting and quantifying the directed movements of the molecules
through this temperature gradient, which is based on mass diffusion, covalently attached or
intrinsic fluorophores are used. The change of the thermophoretic movement, based on the
Temperature-Related Intensity Change (TRIC) measurement, is then expressed as the change
in the normalized fluorescence (AFnorm=Fnhot/Fcold) and further plotted against the ligand
concentration in logarithmic scale. The resulting binding curve, which is ideally of sigmoidal
shape, is subsequently fitted in order to derive the binding constants.[1%°171 The inflection
point, which corresponds to the concentration of ligand at which half of the target molecules

are bound to ligand, equal the dissociation constant Kp.[!7*172] For a reversible reaction L+M

[L]x[M]
[LM]

tighter the interaction and the higher the affinity between molecule and ligand are.l*”Y] Since

LM, the dissociation constant is defined as K, = , thus the lower the Kp value is, the

the Kp is directly depending on the Gibbs free energy change, AG°= RT*In(Kg), upon measuring

the Kp values over a temperature range, thermodynamic parameters for biomolecular
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interactions, can be derived (AG®, AS°, AH°). 1% The typical MST experimental setup and data

generation is displayed in Figure 32.
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Figure 32. Figure taken from Jerabek-Willemsen et al. (159 without modification and with preprint permission from Elsevier.
A. Monolith NT.115 from NanoTemper Technologies GmbH and the capillary tray (image below). B. Schematic representation
of the optical setup for MST. The objective excited and detects the fluorescence within the capillaries (total volume of ~4 pL),
whereas a focused IR- laser heats a defined sample volume. C. Characteristic signal of a MST experiment. In the beginning,
when the molecules are distributed homogeneously, a constant “initial fluorescence” is detected. Upon activation of the IR
laser, the “T-Jump” (T=temperature) can be observed, indicating a rapid change in fluorophore properties, caused by the fast
temperature change. Afterwards, the thermophoretic movement of the fluorescently labeled molecules out of the heated
sample volume can be detected, whereas the fluorescence change is usually measured for 30 s. An inverse T-Jump occurs,
upon the IR laser gets deactivated, which is followed by the “backdiffusion” of molecules, a process driven solely by mass
diffusion. D. Characteristic binding experiment. Changes of the thermophoretic movement of the fluorescent molecule
(“unbound” trace) upon binding to a non-fluorescent ligand (“bound”), result in different traces. AFnom (the change in the
normalized fluorescence), which is defined as Fnot/Fcold (F-values are corresponding to average fluorescence values between
defined areas marked by the red and blue cursors, respectively), expresses the change in thermophoretic movement
(thermophoresis). Gradual change in thermophoresis, which is achieved by titration of the non-fluorescent ligand, is plotted

as plotted as Arnorm, Yielding a binding curve, that can be fitted to derive binding constants.[169]

For our initial MST experiment, ORN2, bearing a 5'-SulfoCy5 fluorescent dye, was incubated
with ODN2, 4, 5 and their corresponding Cu-ligand clicked sequences (ODN*) in individual
experiments at physiological conditions (4h, 37°C) in a ratio of 1:20 (ORN:ODN) and
subsequently MST was performed. The fitted binding curves and the calculated Kp values are

displayed in Figure 33.
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—— ODN2- fit ®  ODN2- dose response
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—— ODNS5*-fit ®  ODNS5- dose response ODNS5 1.69*10°
®  ODNS5*-dose response ODN5* 3.93*108

Figure 33. Binding curve displaying the ODN(*) (ligand) concentration (Cmax= 400 nM) versus the A Fnorm and Kp values of the

individual ligands.

Looking at dose-response curve in Figure 33, it can be observed, that the ligand concentration
range within this experiment was not appropriate for all ligands. While for ODN5, OND4 and
ODN4* the curve is of almost sigmoidal shape, for the other ODNs the plateau indicating
binding of the target, is not reached. Thus, for OND2* no Kp values could be calculated and
some of the calculated Kp values might be error prone since the bound stages, which are
indicated by reaching a plateau, are not yet reached with this concentration range. Further,
when looking at the almost sigmoidal shape for ODNS5, it seems that actually two binding
events are happening, thus the Kp fitting might not be appropriate, thus leading to inaccurate
data. To investigate whether higher ligand concentration gives sufficient data, a second
experiment was performed, where the ligand concentration was increased from a maximal
concentration of 400 nM to 2.5 uM, while keeping the target concentration 20 nM, resulting
in a ratio of 1:250. The fitted binding curves and the calculated Kpvalues are displayed in Figure

34.
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Figure 34. Binding curve displaying the ODN(*) (ligand) concentration (Cmax= 2.5 uM) versus the A Fnorm and Kp values of the

individual ligands.

The higher ligand concentrations lead to dose response curves with an almost sigmoidal shape
for all ODNs and nearly reaching the plateau for all ODNs. Thus, all Kp values could be
calculated using the Kp-fit model of MO Analysis software. Since the direction of the binding
curve depends on the specific properties of the molecules, the direction does not influence
the Kp analysis.['73! In this MST experiment, ODN5 revealed the lowest Kp value of 0.427 nM
for the C8-alkyne modified oligonucleotides, while for the ligand clicked oligonucleotides,
ODN4* with a Kp of 20.9 nM, gave the lowest values, followed by ODN5* with a Kp of 36.0 nM.
For all individual sequences the C8-alkyne modified oligonucleotides show a lower Kp values
compared to the Cu-ligand clicked oligonucleotides. The reason for this trend is very likely
based on the sterically hinderance of the Cu-ligand, which would interfere with the base
pairing of the ODN-ORN hybrid and thus weaken their binding. Considering the sequence
length of the best performing oligonucleotides ODN4* and ODN5* with 31 and 20 nt

respectively, the Kp values of ODN5* are relatively low, if taking into account that ODN4*
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displays 9 nucleotides more which can contribute to the hybridization towards the target
sequence. In general, considering the experimental setup and the generated data, it has to be
guestioned whether MST is an appropriate method for analyzing the binding affinities of
target-ligand interactions. On one hand, the experiments are not performed at physiological
conditions, whereas the actual binding event should take place at 37°C. Furthermore, the size
of the ligand oligos might have an impact on the speed of moving out of the laser. Since once
the laser is activated, the duplex structures melt and the oligos are moving out of the
laser- spot depending on their size. On the cold side they could hybridize again, which process
is influenced by the oligos that have entered the cold zone by that time, thus it might be
inappropriate to neglect the length of the ligand oligos for MST. Nevertheless, the MST results
coincide with the binding analysis via nPAGE, revealing that ODN4* and ODN5* as the most
promising oligonucleotide candidates for the desired approach, due to their high affinity
towards the target ORN2. For prospective analysis towards binding affinity, isothermal
methods might be more suitable, where for example surface plasmon resonance (SPR), or
isothermal calorimetry (ITC) could be used. (174

In conclusion, some preliminary, but nevertheless encouraging results have been obtained
towards the novel approach for targeted, oligonucleotide based, cleavage of the SARS-CoV-2
genomic RNA.

We envision that after a certain degree of optimization, site specific cleavage of the target
sequence could be achieved. Apart from investigating different ratios of target, ODN*, Cu-
source and reductant, the linker length between the nucleobases and the Cu(ll)-binding ligand
could be modified towards shorter linkers, since the C8-linker might cause unfavored flexibility
leading to unspecific cleavage. This could be achieved by replacing the C8-alkyne modifications
with ethynyl modified bases, by incorporating TIPS-5-Ethynyl-dU-CE phosphoramidites during
solid phase synthesis. However, the CuAAC reactivity of the ethynyl group in DNA is lower
compared to the octadiynyl group, and the short linkage between the Cu-binding ligand and
the oligonucleotide could interfere with the DNA-RNA base pairing, which might weaken the
ODN*-target affinity. 3%, (175 Moreover, the Cu(ll)-binding ligand itself could be replaced by
other e.g Zn(ll)-binding ligand. The use of Zn(ll) artificial nucleases, namely Zn(ll) binding PNA
(peptide nucleic acid) conjugates (PNAzymes) have recently shown cleavage of genomic SARS-
CoV-2 RNA fragments in site specific manner, and due to the presence of Zn(ll) in different

concentrations in intracellular fluids, Zn(ll) represents an appealing cofactor for artificial
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nucleases, while free Cu ions are almost not available in cellular environment.[130 176-178] The
incorporation of LNA (locked nucleic acids) are supposed to further improve stability and
binding properties 1461 and thus studies, including thermal melting studies with the dually
labelled ORNs (ORN3 and ORNS6), towards the use of Zn(ll)-binding ligands on LNA modified

ODN4 and ODNS5, targeting stem-loop 4 (SL4) are now underway in the Kellett laboratories.
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4.4 |nvestigations towards Copper-Free Click Chemistry for Optimized mRNA
Vaccine Development.
4.4.1 Quantification of 3'-Ns Labelling and SPAAC with DBCO-Trimannose-Moiety

for baseclick’s mRNA Vaccine Development

4.4.1.1 Prologue

In response to the SARS-CoV-2 pandemic, the development of mRNA vaccines has garnered
significant attention and as of December 2022, nine mRNA-based vaccines have been
approved in at least one country. The most prominent and extensively administered vaccine
candidates of Moderna (Spikevax) and Pfizer/BioNTech (Comirnaty) both encode for the spike
gene of SARS-CoV-2 in order to induce an immune response against the virus.[179-180 As glready
mentioned in section 4.3.1, the highly mutating nature of the spike protein, enables immune
evasion and also monoclonal antibody resistance.[122 141 1431 Moreover, these vaccine
candidates use lipid nanoparticles (LNPs) as protection and delivery system, which is
associated with challenges, in terms of preparation, storage, inflammatory side effects and

their accumulation in liver tissue, [181-183]

To overcome these challenges, the baseclick GmbH developed a novel mRNA-based SARS-
CoV-2 vaccine candidate*®¥, based on an IVT mRNA encoding for the SARS-CoV-2 N protein,
which is supposed to be relatively conserved and exhibit a high immunogenicity.[*®3 This
vaccine candidate, BCV-193N, does not only differ from the previous mentioned mRNA-based
vaccines with regards to its encoded sequence, but also in its delivery approach. In contrast
to the widely used LNP delivery system, BCV-193N uses a mannose-based targeting ligand, for
targeted delivery to dendritic cells (DCs). The principle of this delivery method is based on the
interaction of the sugar based targeting agent with C-type lectin (CTLs) receptors on DCs,
inducing a receptor mediated endocytosis.[8¢ A similar approach has previously shown
promising results for various applications, such as for targeting DCs with trimannosylated

liposomes, mannosylated LNPs, or for targeted delivery of siRNA,[187-189]

BCV-193N vaccine candidate was prepared, starting with linearization of the circular plasmid
DNA with the restriction enzyme BspQ1, followed by the IVT of a linear plasmid DNA, encoding
the sequence the T7 promoter, the N protein of SARS-CoV-2 and a 120 nt poly(A) tail, via T7

RNA polymerase with the corresponding nucleotide triphosphates (NTPS). Apart from ATP,
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CTP, GTP and UTP, WTP (pseudo-uridine triphosphate) was employed to enhance translation
and decrease immunogenicity.*®! The 5'-cap (ARCA) was added co-transcriptionally and upon
digestion of plasmid DNA and purification via spin column the 3'-end of the mRNA was labelled
with an azide functionality via yeast poly A polymerase (yPAP) and 3'-azido-2',3'ddATP, a
method which has previously described by the Jaschke laboratory and improved by Croce et
al.58 %9 The 3'-N3-modified mRNA was finally ligated to the DBCO-bearing trimannose ligand
via SPAAC (Figure 35). This approach was inspired by the successful trimannose linked inhaled
oligonucleotides, which are efficiently and selectively delivered to pulmonary macrophages

and have been reported as first mannose-coupled therapeutic candidate for COVID-19.[68!
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Figure 35. a) Schematic representation of the BCV-193N SARS-CoV-2 vaccine preparation. b) Plasmid DNA c) Structures of
3'- azido-2', 3'-ddATP and DBCO-functionalized targeting ligand.

As part of the BCV-193N vaccine development, it was necessary to investigate different
conditions for labelling the 3'-end in the highest possible extent. This further afforded the
guantification of the individual steps, the 3'-Ns- labelling and the subsequent SPAAC with the
targeting moiety. Due to the length of the 1752 nt mRNA, the quantification was not
straightforward and thus various approaches were investigated to quantify the attachment of

the delivery agent, whereas promising preliminary data could be generated.
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4.4.1.2 Results and Discussion

In order to investigate the successful attachment of the sugar moiety to the N-protein
encoding mRNA, eGFP mRNA (1222 nt), which sequence was designed by Croce et al., was
used as model system.[® 78 Since we aimed to analyze the incorporation of the sugar moiety
by RP-HPLC, and the size of the eGFP mRNA extended the accuracy level of our RP-HPLC, we
wanted to cleave the poly(A)tail (120 nt), which should potentially bear A-N3 and further the
trimannose functionality, and analyze the smaller fragment via RP-HPLC. Our original idea was,
to digest the eGFP mRNA with RNase A, a endoribonuclease that specifically degrades RNA
after pyrimidine nucleotides (C and U), and thus should conserve the poly(A) tail. For a
screening experiment unmodified eGFP mRNA (345-700 ng) was digested with RNase A
(10 mg/uL), at 37°C for 5 or 30 min, using different amounts of enzyme (0.2-2 pL). The samples
were purified by EtOH precipitation and analyzed by analytical RP-HPLC, where the
chromatograms indicated several peaks with a similar retention time. We assumed that these
peaks are displaying mono-, di-, and trinucleotides, but since there was no peak with a
significant longer retention time, which we expected for the poly(A)tail, the approach using

RNase A for digestion was discarded.

Inspired by the work of Beverly and co-workers, we next wanted to digest the eGFP mRNA
with RNase T1 (1000 U/uL), a endoribonuclease that specifically degrades ssRNA at G residues,
again in order to retain the poly(A)tail.[**? Different conditions, with varying amounts of
enzyme and incubation times (15-60 min) were tested and we tried to isolate the poly(A) tail
subsequently with Oligo d(T).s magnetic beads or EtOH precipitation. When digesting, the
eGFP mRNA (2.1-12.9 pg) with RNase T1 (200-500 U) for 1 h at 37°C, followed by EtOH
precipitation, HPL chromatogram indicated now a significant peak at 260 nm, with a higher
retention time, which could potentially be assigned to the poly(A)tail. The same digestion was
performed for the 3' -N3 labelled and subsequent sugar clicked mRNA and the precipitated
sample was analyzed by RP-HPLC. The unmodified and trimannose-clicked mRNA showed
exactly the same pattern in the chromatogram (Figure 36), and since it was not possible to
analyzed the poly(A)tail-fragment by MALDI-TOF MS, because the device is only suitable up to
20 kDa (poly(A) tail + G+ Z, 122 nt, m/z [M+H]* calcd.: 38117.62), it was necessary to move on

with another quantification method. Anyway MALDI-TOF MS was performed, however the
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spectra indicated only a major peak at m/z 17120, which cannot be assigned to the desired

fragment.
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Figure 36. Overlayed analytical RP-HPL chromatograms of isolated fragments of unmodified and trimannose clicked mRNA
after digestion with RNase T1. The integrated peaks at 15.964 and 15.950 min were assumed to display the poly(A)tail of
unmodified and trimannose clicked poly(A) tail fragments respectively.

The new approach is based on the digestion to single nucleotides and subsequent mass
spectrometry analysis (LC-MS) of the cleaved fragments. By comparing the digestion products
of unmodified, 3'-N3 and 3'-trimannose clicked mRNA, we aimed to quantify the 3'-end
labelling with 3'-azido-2',3'-ddATP and the subsequent SPAAC with the DBCO-bearing
trimannose targeting ligand. In order to identify the best conditions for the individual steps
and further quantification, we started with an oligoribonucleotide model system. Therefore,
the individual steps were carried out on the unmodified 21 mer oligoribonucleotide (ORN1).
The 3'-N3 labelling was performed in reference to Croce et al., in the presence of yPAP in a
molar ratio of 1:500, ORN1 to 3'-azido-2',3'-ddATP respectively (2 h, 37°C). Next, different
SPAAC conditions were tested (Figure 37), since previously the reaction has been performed
using a 1:100 or 1:1000 ratio (3'-N3 labelled mRNA: DBCO-trimannose), but no analysis was
performed to justify the ratios or to prove their efficacy. The spin column purified samples
were first analyzed qualitatively by MALDI-TOF and further quantitatively by LC-MS (Orbitrap).
Although MALDI-TOF analysis was only used for qualitative analysis, it could be observed that
for the reactions with a ratio of 1:100, the peak intensity of the 3'-Nsz-labelled ORN1 (ORN1-a)
was almost as strong as the clicked ORN1 (ORN1-b), while for the ratio of 1:1000, the starting
material ORN1-a was not observed anymore. In the LC-MS analysis, the UV signals were too
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low to use them for quantification, thus we assumed all samples ionize to the same extent
and used the mass trace for quantification. The generated data indicated, that the 3'-end
labelling yields 92.2% of ORN1-a. For the SPAAC with a 1:1000 ratio after 3 h reaction time,
only 9.9% of ORN1-a remained in the sample, while after 18 h, no ORN1-a could be detected
any more (NSF= no signal found), which can either be caused by a weak signal, or there is
indeed no ORN1-a left and the SPAAC led to completion. Again, the 1:100 ratio yielded after
18 h reaction time only 45.6% ORN1-b and condition B3 also only yielded 43.7% (Figure 37).

a)
ORN1 /\/\
condition ratio time [h] temperature
1 3'end labelling via yPAP and 3' Azido-2',3'ddATP ORN1-a: DBCO-triman.
1:500 (ORN1: N;-ddATP) Al 1:100 3 rt.
ORN1-a /\/\ A2 1:100 18 rt.
AN,
=
l Ligation of targeting agent via SPAAC B1 1:1000 3 rt
B2 1:1000 18 rt.
ORNL-b /\/\ B3 1:1000 1 37°C
N @
N N
b)
100.0
100 90.1
80
60
45.6 437
40 31.8
20
0 I
AL (1:100, 3 h, r.t.) A2 (1:100, 18 h, rit.) B1(1:1000, 3 h, r.t.) B2 (1:1000, 18 h, rit.) B3 (1:1000, 1 h, 37°C}
B N3-labeled oligo (ORN1-a) [%] clicked oligo (ORN1-b) [%]

Figure 37. a) left) schematic representation of the ORN1 model system right) varying conditions for SPAAC between ORN1-a
and DBCO-trimannose. b) SPAAC quantification by LC-MS (Orbitrap).

One sample set of unmodified ORN1, 3'-N3-labelled ORN1 (ORN1-a) and clicked ORN1 (ORN1-
b), whereas the SPAAC was performed using conditions B2 (1:1000, r.t., 18 h) was further
analyzed via analytical RP-HPLC confirming that the click was quantitatively as no ORN1-a

could be detected any more (section 6.5.1, Table 11).
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Since the yield of clicked product, analyzed by LC-MS, was significantly higher with the 1:1000
ratio, we now wanted to transfer the conditions to the N-protein encoding mRNA and quantify
the SPAAC after digesting to single nucleotides. In order to compare the data from the ORN1
model system with the 1734 nt long mRNA, also samples from the 21mer model system were
digested to single nucleosides via nucleotide digestion mix from NEB. While for the model
system the products of the SPAAC conditions Al, A2, B1 and B2, were analyzed, for the N-
protein encoding mRNA the SPAAC was only performed with the condition B2 (1:1000, 18 h,
r.t.). ORN1, ORN1-a, ORN1-b and N-mRNA (mRNA), 3'-end labelled N-mRNA (mRNA-a) and
clicked N-mRNA (mRNA-b) were digested and the cleavage products were subsequently
analyzed via LC-MS. For reference, 3'-azido-2',3'-ddATP (Aza-ddATP) and 3'azido-2',3'-ddATP
clicked to the DBCO-trimannose were also digested. This time, the quantification for the
model system was performed using the UV trace. In the digested sample of ORN1-a, the ratio
of Aza-ddA/A was 0.096, indicating that the absorption of 3'-azido-2',3'-ddA (Aza-ddA) is
roughly 3 times higher than A, when taking into account that ORN1 contains three As and
assuming the 3'-end labelling and digest proceeded quantitatively. This ratio was then used to
determine the amount of ORN1-a left in each sample of the individual SPAAC reactions, which
further enables the yield calculation of the SPAAC. One example, how the SPAAC conversion

yield was calculated, is given in Figure 38.

ORN1: UUG GUA UCG CUA UCG CUA UGG
ORN1-a: UUG GUA UCG CUA UCG CUA UGG-

detected fragments

of digested ORN1-a MA (UV [a.u.]) ratio
A 314137
I e Aza-ddA Aza-ddA/A [ 0.993 £ 100% 3'N,-labellin ]
Mo 2 e 313926 =0.993 et &
HO. L HO__ NN
10 _o.
~ N— detected fragments l
OH OH N of digested ORN1-b  MA (UV [a.u.]) ratio
A Aza-ddA (B2)
A 143374 pza-ddA/A ‘ 0.096 £9.67% 3'N;-labelled product left -
Aza-ddA 13761 =0.096 >90.33% click yield

Figure 38. Structures of the digestion fragments A and Aza-ddA, used for the quantification of the SPAAC and exemplary

calculation of the SPAAC yield for condition B2. MA= mass area.

For the mRNA samples, the UV signals were to low, thus the mass trace was used to determine
the yields, where it was again assumed homogeneous ionization and that the azide elongation
was quantitative. The results, displayed in Figure 39, indicate that all click reactions yield a
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minimum of 83% (ORN1, condition A2). Comparing the same reaction ratios of A and B, it can
be noticed that the yield of the SPAAC is higher after 3 h compare to 18 h reaction time. This
observation cannot be explained in a straightforward manner, since the SPAAC is irreversible
and the reaction is fairly slow.?”? One reason could therefore be that the samples were mixed
up or the sensitivity of this quantification is not high enough. Either way, the click reactions
with a ratio of 1:1000 yielded minimum 90.3%, including the mRNA sample (Figure 39). Taking
into account that the azide elongation yielded 92.2% 3'-Ns-labelled product, and the SPAAC
with conditions B gave minimum 90% clicked product, the overall yield of the trimannose

labelling is 83.0 %.

100 90.40 92.80 39.95 99.79
83.26
80
60
40
20
, 1N - _— N
A1 (1:100, 3 h) A2 (1:100, 18 h) B1(1:1000, 3 h) B2 (1:1000, 18 h) B2-mRNA (1:1000,18
h)
B N3-labelled product [%] click product [%]

Figure 39. SPAAC quantification by digestion to single nucleosides. For determination of the click yield either the UV trace

(A1, A2, B1 and B2) or the mass trace (B2-mRNA) was used.

Due to device issues, it was not possible to use the prepared reference material for
guantification. Since several approximations were taken into account and for the mRNA
SPAAC quantification, the mass trace was used, while for the model system the UV trace was
applied, the generated data should be considered cautiously. For precise determination of the
SPAAC yield on the N-mRNA, the experiments would need to be repeated, whereas more
material would be needed in order to get sufficient signals for the UV trace. Further it would
be necessary to prepare a calibration curve for the 3'-azido-2',3'-ddA and 3'DBCO-trimannose-

clicked-2',3'-ddA fragments to guarantee reliable quantification.
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In summary, some preliminary, but nevertheless encouraging results have been obtained
towards the quantification of a two-step 3'- end labelling of therapeutic mRNA with a sugar-
based targeting agent. While our current LC-MS data indicates at least 82% labelled product,
we envision that after a certain degree of optimization, the yield of the two-step labelling
could be monitored and determined with higher precision, which would allow further

improvements of the individual labelling steps.
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4.4.2 Circularization of an Oligoribonucleotide via SPAAC for Potential Circular
MRNA Application
4.4.2.1 Prologue

During the rapid development of mRNA-based vaccines, the circularization of coding RNAs
into circular RNAs (circRNAs) attained substantial interest, as a way to achieve enhanced

protein production. (191

CircRNAs are a class of natural occurring coding or non-coding closed RNAs, which are
generated in eukaryotic cells through back-splicing (Figure 40) (%21 Due to their lack of free
ends, circRNAs are not affected by exonuclease-mediated degradation, resulting in at least 2.5
fold longer life time, compared to linear RNAs. Thus, synthetic protein-coding circRNAs have
garnered increased attention for numerous biological applications. Due to their lack of a m’G
cap, circRNAs exhibit a different, cap-independent translation initiation process compared to
their linear counterparts. One possibility therefore is the incorporation of an internal
ribosome entry site (IRES), or a m®A modification upstream of the ORF.[19% 193195 Apgrt from
their higher stability, accompanied with enhanced protein production, Wesselhoeft and co-
workers showed, that unmodified circRNAs are less immunogenic than unmodified linear
mMRNAs due to their ability to circumvent toll like receptor (TLC) sensing and further showed
that circRNA are compatible with LNP-mediated delivery.[**®! Thus, within the last years, the
scope of circRNA applications has broadened, including the development of a circRNA-based
SARS-CoV-2 vaccine.[*® For long RNA circularization, a ribozymatic approach, utilizing a
permuted group | intron-exon (PIE) splicing method, optimized by Wesselhoeft et al., has
proven most applicable.['%3! Since this method requires additional sequences apart from the
IRES and the protein coding sequence, we were eager to facilitate circularization of coding
RNA by the use of click chemistry. The idea of using click chemistry for circularization of nucleic
acids has previously been introduced, however to the best of our knowledge only for DNA or
synthetic 5'-N3 and 3'-propargyl decorated oligoribonucleotide by Cu(l) catalyzed alkyne azide
cycloaddition.['®7-198] Thus, with our approach we wanted to enable circularization of RNA via
SPAAC in order to avoid potential oxidative damage of RNA, which is potentially caused by the

copper catalyst.!1%]
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Figure 40. Schematic representation of linear and circular mRNA formation. Linear mRNAs are formed by canonical splicing
whereby introns are eliminated from the pre-mRNA. Circular mRNAs are formed by backsplicing, where a covalent linkage
between the downstream 3’-end of a pre-mRNA sequence and upstream 5’-end of the pre-mRNA strand is formed, leading

to a backspliced junction (BSJ). The figure was prepared in reference to Curry-Hyde et a/.[200]

4.4.2.2 Results and Discussion

We aimed to investigate a universally applicable protocol for attaching an RNA sequence,
which could potentially encode the IRES sequence or a modified linker oligoribonucleotide
attached to a targeting agent, to the protein coding sequence of interest via Cu-free click
chemistry, followed by cyclization of the generated RNA-RNA assembly via ligation. In the first
step of our model system, the 5'-terminal triphosphate of the in vitro transcribed RNA
oligonucleotide would be dephosphorylated to generate a 5'-OH end. Next, the 3'-end of the
IVT mRNA will be labelled with an Ns- functionality by incorporation of 3' Azido-2',3'ddATP via
yPAP, followed by the ligation of a 5'-DBCO and 3'-phosphorylated (PHO) oligoribonucleotide
via RtcB ligase, to its 5'-end. The generated RNA-RNA assembly, displaying 5'-DBCO and 3'-
azido ends, should finally be circularized via SPAAC, after which, as a proof of concept, the
final product will be treated with RNase R. The click reaction and chemical ligation could also
be performed in the opposite order, thus apart from investigating the feasibility of the
proposed circularization approach itself, we wanted to analyze what impact the order of
SPAAC and ligation has on the overall strategy and if the SPAAC and ligation could even be
achieved simultaneously (Figure 41). Commonly, ligation-related circularization methods use

T4 ligase, which enables the formation of a phosphodiester bond between the 5'-phosphate
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and the 3'-OH of RNAs.12°1 Since we wanted to achieve simultaneous ligation and click, we
designed a method using RtcB ligase, in order to avoid cross-circularization of the 5'-
phosphate - 3'-OH IVT RNA without incorporation of the second, DBCO-bearing RNA, which

could be caused if the 3'end labelling in not quantitatively in combination with the use of T4

ligase.
IVT dephosphorylated |
oligoribonucleotide Dephosphorylation
l via QuickCIP
IVT dephosphorylated or SPS
|
oligoribonucleotide
3'N, labelling via yPAP and
| 3'Azido ddATP
P |
RNA-RNA assembly ~ RNA-RNA assembly
via RtcB T via SPAAC
L p 0 .
—o-to -
oy "
Circularization vig Circularization via
SPAAC RtcB ligase

Figure 41. Schematic RNA circularization workflow. a) RNA-RNA assembly prepared by ligation via RtcB followed by

circularization via SPAAC. b) RNA-RNA assembly prepared via SPAAC followed by circularization via RtcB.

Upon carrying out the circularization of our RNA-RNA oligonucleotide model system
successfully, we aim to incorporate a second internal functionality to the 5'-DBCO- bearing
oligoribonucleotide, to enable further modification with any molecule of interest, such as a
targeting agent and transfer the model system to longer RNAs.

Initially, we wanted to start our approach with a IVT oligoribonucleotide. Therefore, a dsDNA
template was designed, which was composed of a short, 21 mer oligonucleotide displaying
the T7 promoter sequence, and a longer 39 mer oligonucleotide. Upon annealing of the two
oligonucleotides and IVT via T7 polymerase (2 h, 37°C), we wanted to gain a 21 mer
oligoribonucleotide, which, after digestion of the template oligos via DNase | (1 h, 37°C)

should subsequently be dephosphorylated via Quick CIP (4 h, 37°C) as displayed in Figure 42.
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T7 promoter sequence

3'-ATAATACGACTCACTATAGGG-5' Short oligo (21 nt)

5'-TATTATGCTGAGTGATAT -3' Longoligo (39 nt)
¢ T7 polymerase (2 h 37°C)

5'-pppGGGAAUCCCGAGAAGUGACUA-3' (21 nt)

ly Quick CIP (4h 37°C)

5’-HO-GGGAAUCCCGAGAAGUGACUA-3'

Figure 42. IVT approach of 21 mer oligoribonucleotide.

After the IVT and digestion of the template DNA, the spin column purified IVT
oligoribonucleotide was analyzed via MALDI-TOF-MS, indicating a significant mass peak of m/z
7041.39 ([M+H]*), which can be assigned to the desired 21 mer ([M+H]* m/z calcd.: 7037.90)
oligoribonucleotide. However, the spectrum also indicated major impurities. Thus, to
investigate whether these impurities are coming from a partial degradation of the template
DNAs, analytical RP-HPLC was performed. The chromatogram indicated only one peak per
template oligonucleotide, confirming that the template DNA was not degraded. Another
possibility for the impurities would be insufficient digestion of the template DNA by DNase I.
Thus, the digestion was repeated and a control experiment was performed to investigate
whether the DNase | was functioning properly. Since the results indicated that the impurities
were not caused by insufficient digestion of the dsDNA template, we assume, that the design
of the dsDNA template itself caused unspecific transcription of oligoribonucleotides. The
template DNA was only partly double stranded and rather short, therefore the T7 polymerase
might not be able to fully attach to the template or display a low affinity towards the template,
yielding different RNA oligonucleotides with varying lengths, which caused the major
impurities in the MALDI-TOF-MS spectrum. Thus, it would have been necessary to design a
longer, dsDNA template. Since we wanted to proceed with the actual approach for
circularization, we decided to continue the experiments with a solid phase synthesized 21 mer

oligoribonucleotide ORN1 (Figure 43a)

The first step was the incorporation of a 3'-N3 functionality, which was performed via yPAP
and 3'-azido-2', 3'-ddATP (2 h, 37°C). After spin column purification, the sample was analyzed
via MALDI-TOF-MS, indicating a significant peak at m/z 7004.92 ([M+H]*), which can be
assigned to the desired 3'A-N; labelled ORN1, ORN1-a ([M+H]* m/z calcd.: 7005.20).

Additionally, dPAGE (6.1 A) was performed, where the image indicated a faint smaller
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molecular weight impurity, which could be a side or degradation product from the enzymatic
reaction. Since the impurity could not be assigned to a significant peak in the MS spectrum,
we continued with the next step, which would either be the SPAAC with the 5'-DBCO end of
the 15 mer oligonucleotide or the ligation of via RtcB ligase to connect the 3'-PHO end of the
15 mer (Figure 41). Since we first needed to investigate appropriate RNA-RNA click conditions,
we started with the SPAAC (Figure 41a). For the ligation of two RNA strands, an appropriate
salt concentration is crucial in order to bring the two negatively charged strands together.
Thus, different conditions were investigated, whereas a modified protocol from and
Taemaitree co-workers gave the desired RNA-RNA oligo (37 mer) assembly, ORN1-b, as
confirmed by dPAGE (Figure 43b) . (202 The gel image further indicates some impurities, which
can be attributed to the formed side products of the lower molecular weight impurity from
the azide elongation step. The successful SPAAC was carried out at r.t. overnight, in a 1:2.5
ratio of ORN1-A-N3 and 5'DBCO oligonucleotide (ORN2,15 mer) respectively. Next, we wanted
to circularize the RNA-RNA assembly by ligating its 5'-OH end with the 3'-PHO end via RtcB
ligase, which was performed for 2 h at 37°C. After spin column purification the sample was
again analyzed by dPAGE, featuring a new band which is running slightly slower than the
linear, clicked 37 mer, ORN1-b (Figure 43b). To investigate whether this new band can be
attributed to the circ-RNA assembly, the sample was treated with RNase R, a 3'-5'
exoribonuclease. Two digestion reactions were set up, whereas one was containing the
sample from the circularization step (ORN1-c) and the other one, a control sample, was
containing the linear SPAAC click product (ORN1-b). Both samples were treated equally
(incubation for 2 h at 37°C) and analyzed by dPAGE after spin column purification. Indeed,
while the ORN1-b has been completely digested by RNase R, the 37mer which was attributed
to the circularized product ORN1-c, was still visible, indicating successful circularization (Figure

43b).
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Figure 43. a) Reaction scheme of the RNA-RNA circularization approach b) dPAGE (15%) gel image after staining with GelRed®

Nucleic Acid Stain.

Next, we wanted to perform the enzymatic ligation previous to the SPAAC, to investigate
whether this reaction order would have an impact on the yield of the circularization product
or if the ligation and SPAAC can be even performed simultaneously (Figure 41b). Therefore,
ORN1-a was incubated with 5'-DBCO-3'-PHO ORN2 and RtcB ligase using the same conditions
as for the previous ligation experiment. After purification the sample was analyzed by dPAGE,
indicating the bands of the 22mer (ORN1-a), 15mer (ORN2) and the desired 37mer, ORN1-b
(data not shown). The band of the ligated RNA product was however barely visible, suggesting
that the ligation was low yielding. Therefore, we set up another ligation experiment, where
we added PEG6000 as molecular crowding agent, which could potentially increase the yield of
the ligation.?%3] Two reactions with either 7.5% or 11.8% of PEG6000 in the overall sample
were performed, where the two oligos ORN1-a and ORN2 were added in equal amounts and
incubated again for 2 h at 37°C. After purification the reaction products were analyzed by
dPAGE (Figure 44). The gel image indicated that the ligation and SPAAC have occurred
simultaneously, since apart from the 22 mer (ORN1-a), the 15 mer (ORN2) and the expected
linear 37 mer (ORN1-b), an additional band, running slightly slower than the linear 37 mer is
visible. Since the migration time of this additional band is equal to the previous circularized
37 mer (ORN1-c), we assume that indeed the ligation and SPAAC have taken place at the same
time (ORN1-b/c, Figure 44). The yield of the circularized product (ORN1-c) seems to be lower
compared to the first approach where the SPAAC was performed prior to the ligation.

However, this could potentially be improved by a longer reaction time, since while the first
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SPAAC was performed over night at r.t (ca. 18 h), the second SPAAC was performed for only
2 h at 37°C. Further, there is no significant difference between 7.5 and 11.8% visible, thus
apparently already 7.5% of PEG6000 enables that enzymatic ligation an SPAAC occur

simultaneously.
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Figure 44. dPAGE (15%) gel image after staining with GelRed® Nucleic Acid Stain, displaying the bands of the simultaneous
SPAAC and enzymatic ligation in the presence of PEG6000 (lane 4 and 5).

In summary our preliminary results showed, that enzymatic ligation and SPAAC of two small
RNA strands can be performed simultaneously. Further improvements would be necessary to
obtain higher yields of the circularized RNA-RNA assembly, but we already enabled a one-pot
circularization within only 2 h. Nevertheless, this approach was not pursued any further, since
our established method of labelling the 5'-end and the 3'-end of nucleic acids with a clickable
functionality, followed by circularization, is more favorable compared to the approach to

achieve circularization via click reaction and enzymatic ligation.[”!
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5. Thesis Discussion

Click Chemistry Enables Rapid Amplification of Full-Length Reverse Transcripts for Long-

Read Third Generation Sequencing

In order to prepare sequencing libraries covering full-length reverse transcripts, the Smart-
seq2 protocol, involving a template switching (TS) reaction, is undoubtedly the leading
technology on the market. While this method enables groundbreaking achievements,
template switching brings forth various issues, such as inefficient ligation, an
overrepresentation of sequences containing 5'-guanosine, and the occurrence of significant
artifacts and erroneous alternative transcripts. With the work, published in this thesis, we
present an innovative approach using click chemistry for preparing long-read sequencing
libraries from polyadenylated RNA. The method involves 3'-azido-labelling of reverse
transcribed cDNA through an anchored poly(dT) primer, followed by CuAAC and subsequent
PCR amplification to produce click chemistry-based dsDNA libraries for Third Generation
Sequencing. Each step in this novel library preparation is reproducible, high yielding, and
straightforward to execute. Herein, the incorporation of an extra, quadruple degenerated
nucleotide at the 3'-end of the forward primer significantly enhances PCR quality, enabling

polymerase-mediated amplification of long triazole-containing ssDNA templates.

In Nanopore sequencing experiments, directly comparing click chemistry-based and standard
protocol libraries (template switching), our data shows competitive performance in both
amplicon and transcriptome sequencing. The unbiased addition of sequencing adapters
simplifies RNA-seq protocols, making it suitable for methods like SHAPE-seq or sequencing of

RNA modifications. (e.g., m*A or pseudo uridine).[204]

In conclusion, our innovative library preparation method ensures reliable generation and
amplification of full-length reverse transcripts for long-read sequencing, avoiding templated
ligation, artifactual chimeras, and over-representation of 5'-guanosine-containing sequences.
Compared to PAC-seq, transcripts longer than 1 kb are now accessible. Thus, our method
serves as an attractive alternative to Smart-Seq2, potentially laying the groundwork for more

advanced workflows in the future.l”®
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Orthogonal End Labelling of Oligonucleotides through Dual Incorporation of Click-Reactive

NTP Analogues

In recent decades, advancements in site-specific bioconjugation of nucleic acids have
significantly expanded the scope of nucleic acid technology. However, while numerous
chemical and enzymatic options exist for modifying the 3'-ends of DNA and RNA molecules
after synthesis, the 5'-end labelling is often limited. The work, published in this thesis,
introduces a versatile chemoenzymatic procedure based on click chemistry to modify the 5'-

end of single-stranded nucleic acids.

Originally, phosphoramidates were synthesized with the prospect of serving as T4 PNK
substrates, as reported by Anthony and co-workers.[®”l However, considering the potential
susceptibility of phosphoramidates like 2 or 3 871 to acid-mediated solvolysis, [°® we extended
our efforts to create a series of phosphate monoester-linked alkynes (compounds 4-6) and
azide (compound 7). These ATP analogues were obtained with yields of up to 68% through
nucleophilic substitution, employing either the corresponding alkyl halide or p-
toluenesulfonate. Additionally, organothiophosphate 8 was synthesized using similar
conditions and compounds 9 and 10 were purchased for subsequent reactivity screening

purposes.

With these compounds, we proceeded to examine their suitability for labelling the 5'-OH of
oligonucleotides, as a model system, via T4 PNK catalyzed reaction. Following multiple
improvements to the labelling methodology, we successfully accomplished the transfer of the
click-functionalized y-phosphate to the 5'-OH of the oligonucleotide model system (17mer and
43mer oligonucleotide) through T4 PNK mediated catalysis, as confirmed by analytical RP-
HPLC and by subsequent click reactions with fluorescent dyes. Notably, only phosphoesters
were suitable as T4 PNK substrates, where shorter linkers had superior labelling efficiency
compared to longer linkers. With the best performing ATP analogues, alkyne 4 and azide 9,
successful labelling on DNA as well as RNA oligonucleotides were achieved followed by CUAAC
or SPAAC click reactions with fluorescent dyes or click modified oligonucleotides. Remarkably
our approach allows for compatibility with a 3'-labelling reaction catalyzed by TdT, which
further allowed us to generate a multicomponent chimeric DNA/DNA assembly and

circularization of a dually click-modified (3'-N3, 5'-alkyne) ssDNA 100-mer via SPAAC.
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Further to the work, represented in the publication, the synthesis of DBCO and allyl-
functionalized ATP analogues was performed, in order to further broaden the scope of
subsequent click reaction, upon successful labelling via T4 PNK. Although the chemoenzymatic
5'- labelling could not be achieved with these compounds, they could be of interest for other

applications such as Third Generation Sequencing.

In summary, our novel chemoenzymatic method for labelling DNA and RNA at the 5'-end of
with alkynes or azides followed by click reactions with oligonucleotides as well as small-
molecules, pave the way for novel synthesis approaches for complex oligonucleotide
structures and procedures essential for next-generation sequencing and the advancement of

new nucleic acid therapeutics.

Click Modified Cu(ll)-Dependent Nucleic Acid-Based Artificial Ribonuclease for Targeted
cleavage of SARS-CoV-2 Genomic RNA

In this chapter, encouraged by promising ASO therapeutics, targeting a variety of infectious,
human diseases,['*!! we aimed to develop an novel antisense oligonucleotide related

therapeutic to inhibit viral SARS-CoV-2 replication.

Herein, a chemically modified oligonucleotide bearing a Cu-binding ligand, targeting a highly
conserved stem loop sequence of the SARS-CoV-2 genomic RNA, should, upon binding, form
a DNA-RNA hybrid. After complexation of copper and reduction of Cu(ll) to Cu(l), the thereby
formed ROS should preferably lead to site-specific cleavage of the SARS-CoV-2 RNA and
further hinder viral replication. After identification a potential target sequence, namely the
SL4 and off-target SM2, we designed RNA oligonucleotides mimicking the target and off-target
sequences stem loop respectively. Further, 10 oligonucleotide sequences (ODN1-ODN6), with
lengths between 19 and 31 nucleotides, were designed to target the SL4, covering different
positions of the hairpin structure. To enable the attachment of a Cu-binding ligand through
click chemistry, one C8-alkyne modified base was incorporated in each strand, where, in order
to investigate optimal binding affinity and target specificity, different positions for the internal

C8-alkyne modification were chosen. These modified oligonucleotides were then ligated to
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the Cu-binding ligand "DC-Py-Ns3” (provided by the Kellett laboratories) via CuAAC click

reaction.

The obtained C8-alkyne and Cu-ligand modified oligonucleotides were next analyzed towards
their target and off-target affinity. Therefore, binding affinity analysis via native PAGE and
microscale thermophoresis (MST) were performed. Although we face limitations of the
selected method, the MST results matched with the binding analysis via nPAGE, revealing
ODN4* and ODN5* as the most promising oligonucleotide candidates for the desired

approach.

Overall, some preliminary, but nevertheless encouraging results have been obtained towards
the novel approach for targeted, oligonucleotide based, cleavage of the SARS-CoV-2 genomic

RNA, which optimizations are currently investigated at the Kellett laboratories.

Investigations towards Copper-Free Click Chemistry for Optimized mRNA Vaccine

Development

This part of the thesis has been aimed investigate and improve copper-free, stain promoted
azide-alkyne cycloaddition for mRNA vaccine development. In one aspect we investigated the
efficacy of the 3'-N3 labelling and following SPAAC with DBCO-trimannose-moiety for
baseclick’s mRNA vaccine development. To examine the effective ligation of the targeting
ligand to the mRNA encoding the N-protein, several approaches have been investigated. Our
initial idea, to digest our model system, namely eGFP encoding mRNA with RNase A. We
anticipated that this endoribonuclease, that specifically degrades RNA after pyrimidine
nucleotides (C and U), should conserve the poly(A) tail, with or without click modification.
However, due to unspecific cleavage pattern as confirmed by analytical RP-HPLC, this

approach had to be discarded.

Next, we utilized RNase T1, an endoribonuclease that specifically degrades ssRNA at G
residues, again in order to retain the poly(A)tail. Although this approach allowed to isolate the
poly(A) tail, the approach had to be discarded since the applied quantification and
qualification methods (analytical RP-HPLC, MALDI-TOF MS) were not sufficient to distinguish
between labelled and unmodified poly(A)tail.
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With digestion to single nucleotides, we were finally able to successfully quantify the 3'-N3
labelling and following SPAAC with DBCO-trimannose-moiety by LC-MS. Therefore, a model
system, namely a 21 mer oligoribonucleotide, was utilized and different reaction conditions
were quantified and the best conditions were transferred to the N-protein encoding mRNA.
Although the investigated method still required optimization for precise data generation, we
have obtained initial yet promising outcomes in the quantification of a two-step 3'-end
labeling process for therapeutic mRNA using a sugar-based targeting agent. Our latest LC-MS
data suggests a minimum of 82% labeled product. We expect that, with further improvements,
the refinement of the monitoring and precision of the yield in the two-step 3'-mRNA labelling

process can be achieved.

Additionally, we investigated the circularization of an RNA-RNA oligoribonucleotide assembly
via SPAAC and enzymatic ligation for potential circular mRNA application. In the initial stage
of our 21mer RNA model system, the 5'-OH of our RNA oligonucleotide was labelled with a N3-
functionality by integrating 3' Azido-2',3'ddATP through yPAP. This step was followed by the
ligation of a 5'-DBCO and a 3'-phosphorylated (PHO) oligoribonucleotide via RtcB ligase at its
5'-end. With the resulting RNA-RNA assembly, featuring 5'-DBCO and 3'-azido ends, we
successfully achieved circularization through SPAAC, as confirmed by treatment with RNase R.

Notably, the click reaction and chemical ligation could be performed simultaneously.

Although enhancements are required to achieve higher yields in the circularized RNA-RNA
assembly and transfer the model system to protein encoding mRNA, we have successfully

enabled a one-pot circularization within 2 h.
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6. Experimental Section of Unpublished Work

6.1. General Experimental Section and Materials

Materials and methods. Chemicals were purchased from Sigma-Aldrich/Merck, BroadPharm,
ABCR, Acros Organics or VWR and were used without further purification. Solvents were of
reagent grade or purchased in septum-sealed bottles stored under an inert atmosphere.
Unless otherwise specified, all reactions were magnetically stirred under a positive pressure
of Argon (Ar). Reactions and chromatography fractions were monitored by qualitative thin-
layer chromatography (TLC) on silica gel F2s4 TLC plates from Merck KGaA and visualized by UV
illumination or monitored by analytical RP-HPLC. Flash column chromatography was
performed on silica gel (40-63 um) from Merck KGaA. Dialysis membrane Spectra/Por®
Biotech CE MWCO 100-500 Da (10 mm surface width) was purchased from Repligen and used
as received. The DC-Pyr-Ns ligand was provided by Alex Gibney (Kellett Group, School of

Chemical Sciences, Dublin City University).

Nuclear magnetic resonance (NMR). NMR spectra were recorded on a Bruker Avance Neo
(500 MHz) or Bruker Avance Ill (800 MHz) spectrometers. *H NMR shifts were calibrated to
their residual protons of the deuterated solvent: CD;HOD (3.31 ppm), HDO (4.79 ppm), CHCl3
(7.26 ppm). 13C NMR shifts were calibrated to the residual solvent: CD30D (49.00 ppm), CDCls
(77.16 ppm). The chemical shifts (6) are given in ppm, the coupling constants (J) in Hz.
Multiples are abbreviated as follows: s= singlet, d= doublet, t= triplet, g= quartet, dd= doublet
of doublets, ddt= doublet of doublet of triplets, m= multiplet. The numbering in the
assignments does not follow IUPAC rules and neither residual solvent signals nor tris-
triethylammonium salt signals (TEAA buffer from RP-HPLC purification: quartet around 2.90-
3.20 ppm, singlet around 1.90 ppm and triplet around 1.20-1.30 ppm) have been assigned for
clarity. All NMR spectra were analyzed using the software MestReNova 14.1.1 from Mestrelab

Research S. L.

Mass Spectrometry (MS). High resolution mass spectra (HRMS (ESI)) were recorded by the
analytical section of the Department of Chemistry of the Ludwig-Maximilians-Universitat
Munich on a LTQ FT-ICR spectrometer from Thermo Finnigan GmbH. Matrix-assisted laser
desorption/ionization-time-of-flight (MALDI-TOF) mass spectra were recorded on an

autoflex® maX. Before MALDI-TOF MS, the samples (2 uL) were desalted on a 0.025 uM VSWP
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filter (Millipore) and 1 uL of the desalted sample was applied to a stainless-steel sample plate
using dried droplet method with a 3-hydroxypicolinic acid matrix (1 uL, HPA: 25 mg 3-
hydroxypicolinic acid, 5 mg ammonium citrate, 5 pL 15-crown-5 in 0.5 mL H,0/MeCN= 1:1).
The obtained spectra were analyzed with FlexAnalysis 3.4 from Bruker Daltonics and
processed with Excel. The molecular weight of the oligonucleotides was calculated using the

HELM monomer toolbar from ChemDraw (version 22.0.0).

Reversed-Phase High-Performance Liquid Chromatography (RP-HPLC). Semi-preparative RP-
HPLC was performed on a 1260 Infinity || Manual Preparative LC System from Agilent (Agilent
Infinity 11 12260 VWD: G7114A) equipped with the column VP 250/10 Nucleodur 100-5 C18 ec
from Macherey-Nagel. A flow rate of 5 mL/min with varying gradients between 0-10% and O-
60% of buffer B over 45 min was applied for purification. The following buffer system was
used: buffer A: 100 mM NEtsz/HOAc (pH 7.0) in H20 and buffer B: 100 mM in NEt3/HOAc
(pH 7.0) 80% (v/v) acetonitrile. Analytical RP-HPLC was performed on a Waters Alliance (2695
Separation Module, 2998 Photodiode Array Detector) equipped with a XBridge®
Oligonucleotide BEH C18 Column (30 A, 2.5 um, 2.1 mm x 50 mm) using a flow rate of 1.5 mL
and the same buffer system as mentioned above. Unless otherwise specified, varying
gradients, between 0-10% and 0-60% buffer B from 0 = 8 min, followed by 10-85% up to 60-
85% buffer B from 8 - 10 min, were applied.

Determination of ATP and oligonucleotide concentrations. The absorbance of ATP
tetrabutylammonium salt, y-phosphate modified ATP analogues and synthesized
oligonucleotides was measured at 260 nm using an Implen NanoPhotometer® P300. The
extinction coefficients () of the oligonucleotides were calculated using the OligoAnalyzer™
Tool from Integrated DNA Technologies. For internal C8-alkyne modified bases, the internal
“Int 5-Octadiynyl dU” (/i50ctdU/) modification of the OligoAnalyzer™ Tool was applied for
calculations. For ATP tetrabutylammonium salt and for ATP disodium salt derivates, an
assumed extinction coefficient of € =15400 L mol™! cm™ was applied, as these modifications
are not expected to substantially alter the absorption properties of unmodified ATP. The

concentrations of the oligonucleotides and ATP were further calculated via Beer-Lambert law.
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Denaturing PAGE (dPAGE): Unmodified RP-HPLC purified oligonucleotides and spin

column purified oligonucleotide products were separated by either 10 or 15% denaturing
urea (7 M) polyacrylamide gel electrophoresis in Tris-Borate-EDTA (TBE) buffer (1X:
0.13 mM tris, pH 7.6, 45 mM boric acid, 2.5 mM EDTA) at constant voltage (150 or 200 V)
for 40 min - 1.5 h. The gels were stained for 30 min using GelRed® Nucleic Acid Stain
(Millipore) according to the manufacturers protocol (1X dilution in 1X TBE buffer). The
bands were detected on Gel Doc™ EZ Imager (Bio-Rad) using a UV Sample Tray
(#1708271MP from Bio-Rad) and analyzed with Image Lab™ software. Single-stranded
DNA oligo length standard (10/60 ladder) was purchased from Integrated DNA
Technologies, microRNA marker and Low Range ssRNA ladder were purchased from New

England Biolabs. RNA loading dye (2X) was purchased from Thermo Fisher Scientific.

Native PAGE (nPAGE): Binding affinity and cleavage analysis of C8-alkyne modified and

ligand-clicked oligonucleotides were performed by 20% native polyacrylamide gel
electrophoresis in Tris-Borate-EDTA (TBE) buffer (1X: 0.13 mM tris, pH 7.6, 45 mM boric
acid, 2.5 mM EDTA) at constantly 70 V for 4 h. The bands were stained for 10 min using
SYBR™ Gold (Invitrogen; 1X dilution in nuclease free H,0) and then imaged using different
filters (Cy5, Cy3 and blue filter) on a Syngene™ G:BOX Mini 9- Gel Documentation System.
Orange DNA Loading Dye (6X) was purchased from Thermo Fisher Scientific. For each gel

a pre-run at constantly 70 V for 1 h was performed.
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6.2. Click chemistry-based library preparation and direct cDNA sequencing

Preparation of click-ligated first-strand cDNA

The eGFP mRNA and first-strand cDNA synthesis, as well as the azide elongation with 3'-Azido-
2',3'-ddGTP and the subsequent CuAAC with alkyne adapter (AAl) were performed in

reference to Schénegger et al.l”8

Second Strand synthesis

The second strand synthesis, to generate a dsDNA library was prepared using a modified
protocol in reference to the manufacturer’s instructions (Oxford Nanopore Technologies;
previously SQK-DCS109, relaunched as SQK-LSK114)#2l. Two replicates were performed,
whereas for each experiment 16.7-17uL of clicked-cDNA (34-58 ng/uL), 8 uL FP3 (10 uM,
provided by baseclick GmbH), 25 uL of LongAmp Taqg 2x Master Mix (New England Biolabs)
and RNase free H;0, to reach a total volume of 50 uL, were added to a 200 pL PCR vials and
mixed well. For the second strand synthesis the following profile was applied: 1 min at 94°C
(denaturation), 1 min at 57°C (annealing) and 15 min at 65°C (elongation). Afterwards the
dsDNA products were further purified using the QlAquick PCR Purification Kit from Qiagen and
the concentration of the combined dsDNA sample was measured with the Qubit 1xdsDNA HS

kit on a Qubit Fluorometer.

ONT Sequencing

The purified dsDNA products were converted into sequencing libraries using the direct cDNA
sequencing kit (SQK-DCS109) from Oxford Nanopore Technologies and subsequently
sequenced for 24 h on a MinlON flow cell (R10.3) with a MinlON sequencing device (Oxford

Nanopore Technologies).

Bioinformatic Analysis

The signals were recorded by the MinKNOW software (version 21.02.1) and the basecalling,
to generated FASTQ files from FAST5 files was performed by the MinKNOW integrated
software Guppy (version 4.3.4). Mapping against the eGFP mRNA template (Schonegger et al.,
Supporting information Figure S5) was performed using the NanoPipe software

(https://www.bioinformatics.uni-muenster.de/tools/nanopipe2/generate/index.pl?lang=en)
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(2051 The coverage plot was generated with SAMtools (http://www.htslib.org/)?%! and the

normalized read number was assembled with Excel and Affinity designer (version 2.1.1.1847).
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6.3 Experimental section of unpublished data towards the 2" Publication

6.3.1 Chemical Synthesis

General procedure I.

Conversion of ATP disodium salt into ATP tetrabutylammonium salt. The synthesis of y-O-
linked ATP analogues via alkylation on the y-phosphate, reported by Hacker et al., affords the
conversion of the starting material, ATP disodium salt, into its tetrabutylammonium salt to
guarantee strictly anhydrous conditions.[®® 190 Hence, 4 g Chelex® 100 sodium form were
dissolved in 20 mL H,O, transferred into a glass column and washed with 500 mL H;O.
Afterwards, 10 g tetrabutylammonium bromide were dissolved in 100 mL H;0, flushed
through the column and washed with 500 mL H,0. Then, 300-550 umol of ATP disodium salt
were diluted in 10 mL H,0, applied to the column and afterwards fraction collection was
started. The column was washed with 90 mL H20 and fractions of 5 mL were collected and
identified by spotting on TLC plates and visualization via UV lamp. The fractions containing the
nucleotide were combined and evaporated under reduced pressure. The residue was
dissolved in 10 mL H;0 and the absorbance of an aliquot of a 1:10 dilution was measured at
260 nm. The concentration was calculated via Beer-Lambert law (section 6.1) and stored at

- 20°C until further usage the nucleotide solution was stored.

General procedure Il.

Synthesis of y-O linked ATP analogues. The syntheses were performed in reference to Hacker
and co-workers with adjustments.!®® 190 For each reaction, 100-300 pmol of ATP BugN* salt
were evaporated under reduced pressure, dissolved in 5 mL anhydrous DMF and evaporated
under reduced pressure. The step of dissolving and subsequent evaporation was repeated two
times and the final residue was dried on high vacuum overnight. 2.7 - 6.0 equiv. of alkylating
agent were dissolved in 2-6 mL anhydrous DMF, then 1-2 g oven-dried 4 A molecular sieves
were added and stirred at room temperature overnight under Ar atmosphere. The next day
the dried nucleotide was dissolved in 2-6 mL anhydrous DMF, flushed with Ar and equipped
with a septum and Ar balloon to guarantee anhydrous conditions. The alkylating agent in DMF
was then, under rigorous stirring, added dropwise, to the ATP solution and stirred at room
temperature (r.t.) overnight. Reaction control was performed via analytical RP-HPLC (section

6.1). Unless no further conversion was monitored the solvent was evaporated under reduced
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pressure. The residue was dissolved in 10 mL HPLC grade H;O and centrifuged (Hermle
Labortechnik Centrifuge Z 206A) at 6000 rpm for 10 min at r.t. The supernatant was filtered
and purified two to three times via semi-preparative RP-HPLC (section 6.1). The product
fractions were identified by ESI-MS and lyophilized. The y-O linked ATP tris-triethylammonium
salts were, unless further specified, transferred into their sodium salt, either by precipitation
or by ion exchange followed by dialysis. The conversion yield [%] of the isolated ATP analogues

was determined by analytical RP-HPLC.

General procedure ll.

Conversion of y-modified ATP tris-triethylammonium salts into their sodium salt form was
performed by precipitation. Therefore, the lyophilized ATP tris-triethylammonium salt (ca.
2 mg) was dissolved in 200 pL HPLC grade MeOH and added dropwise solution of anhydrous
NaClO4 in HPLC grade acetone (32 mg in 1.8 mL). After the mixture has been stored in the in
the -20°C fridge for ca. 30 min colorless solid precipitated. The supernatant was removed and
the pellet was washed three times with 1 mL HPLC grade acetone. The colorless solid was

dried in high vacuum.

6.3.1.1 Synthesis of 3-(2-(2-(2-tosyloxyethoxy)ethoxy)ethoxy)-N-[3-oxo-N-

(DBCO)propyl] propanamid (24)

O, J0

%
O// \0/\/0\/\0/\/0\/W NH
o

Chemical Formula: C3sH3sN,0sS
Molecular Weight: 634.74

A solution of 3-(2-(2-(2-(tosyloxy)ethoxy)ethoxy)ethoxy)propanoic acid (108.41 mg,
288.0 umol, 1.0 equiv.) in anhydrous DMF (2.88 mL, 10 mL/mmol) and NMM (34.96 mg,
38.00 pL, 345.6 umol, 1.2 equiv.) was stirred at - 15°C for 5 min, before IBCF (43.27 mg,
41.09 pL, 316.80 umol, 1.1 equiv.) was added. The solution was stirred for 15 min and then
dibenzocyclooctyne-amine (87.54 mg, 0.316.80 umol; 1.1 equ.), dissolved in anhydrous DMF
(4 mL), was added dropwise to the reaction mixture. After stirring overnight under Ar
atmosphere and allowing to warm up to r.t., reaction control was performed via TLC. The
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solvent was evaporated under reduced pressure and the residue was dissolved in EtOAC
(50 mL) and washed two times with sat. NaHCOs solution and subsequently with brine
(50 mL). The agueous layers were extracted with EtOAC and all combined organic layers were
dried over NaxSOq, filtered and the solvent was evaporated under reduced pressure. The crude
product was purified via silica column chromatography (EtOAC:MeOH/20:1, v/v) obtaining 24
(151.72 mg, 239 umol, 83%) as yellow oil.

14 NMR (500 MHz, CDCls) 6 7.78 (d, 2H, Ar), 7.65 (d, J = 7.9 Hz, 1H, Ar), 7.41 — 7.28 (m, 8H, Ar),
6.56 (t,J = 6.2 Hz, 1H, Ar), 5.12 (d, J = 13.9 Hz, 1H, DBCO-CH,), 4.12 (t, J = 5.1 Hz, 2H, CH2-Tos),
3.72 - 3.43 (m, 13H, DBCO-CHy, 6xCH2), 3.36 — 3.20 (m, 2H, CH>-NH), 2.53 — 2.45 (m, 1H, N-
CO-CH2-CH2-NH-CO), 2.43 (s, 3H, CH3z), 2.36 — 2.25 (m, 2H, PEG-CH,-CO-NH), 1.98 — 1.91 (m,
1H, N-CO-CH,-CH,-NH-CO). 3C NMR (126 MHz, CDCl3) 6 172.09, 171.14, 151.16, 148.16,
14492, 133.00, 132.19, 129.94, 129.19, 128.70, 128.45, 128.35, 128.08, 127.93, 127.30,
125.68,123.10, 122.58, 114.82, 107.88, 70.83, 70.55, 70.47, 70.30, 69.36, 68.75, 67.19, 55.57,
36.93, 35.23, 34.84, 32.02, 29.47, 21.76.

HRMS (ESI): m/z calcd. for C34H39N20sS* [M+H]*: 635.2422, found: 635.2433

R = 0.22 (SiO2; EtOAC/MeOH, 20:1).

6.3.1.2 Synthesis of y-DBCO-PEG4-ATP (25)

NN
=7 O «f\"‘
H o o o N
N N O~~~ O~ N
Y Y o) 0-P-0-P-0-P-0
o 0 o o o o

OH OH

Chemical Formula: Cs7H43N;013P3*
Molecular Weight: 966.71

The synthesis of compound 25 was performed with ATP tetrabutylammonium salt (23.4 mg,
19 umol, 1.0 equiv.), and 24 (36.18 mg, 57 umol, 3.0 equiv.) as described in general procedure
I and I, without the use of mol sieves. Semi preparative RP-HPLC purification afforded the tris-

triethylammonium salt of 25 as a colorless oil after lyophilization (31%). For subsequent
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incorporation as pseudo substrate in the T4 PNK catalyzed reaction, 25 was transferred into

its sodium salt by precipitation, as described in general procedure lll.

1H NMR (500 MHz, MeOD) &6 8.61 (s, 1H, H2), 8.19 (s, 1H, H8), 7.66 (d, J = 6.7 Hz, 1H, Ar), 7.53
—7.41 (m, 4H, Ar), 7.41 = 7.30 (m, 2H, Ar), 7.29 — 7.21 (m, 1H, Ar), 6.10 (d, J = 6.0 Hz, 1H, H1’),
5.14 (d, J = 14.1 Hz, 1H, DBCO-CH,), 4.73 (t, J = 5.5 Hz, 1H, H2’), 4.62 — 4.56 (m, 1H, H3’), 4.38
—4.09 (m, 5H, H4’, H5’, CH2-0-P), 3.73 — 3.43 (m, 13H, DBCO-CH,, 6xCH>), 3.10 — 2.98 (m, 2H,
CH2-NH), 2.56 — 2.44 (m, 1H, N-CO-CH,-CH2-NH-CO), 2.33 —2.27 (m, 2H, PEG-CH,-CO-NH), 2.06
—2.01 (m, 1H, N-CO-CH,-CH»-NH-CO). 3C NMR (201 MHz, MeOD) & 174.01, 173.21, 153.75,
152.61, 151.04, 149.49, 141.29, 133.47, 130.56, 130.07, 129.66, 129.22, 128.93, 128.11,
126.50, 124.37, 123.64, 120.11, 115.59, 108.85, 88.59, 76.27, 72.01, 71.93, 71.39, 71.31,
71.28,71.19, 68.20, 57.58, 57.48, 57.37, 56.58, 43.09, 37.52, 36.69, 35.44. 31P NMR (202 MHz,
MeOD) & -11.10 (d, J = 19.1 Hz, 1P, a), -11.43 (d, J = 19.1 Hz, 1P, y), -22.86 (t, J = 19.1 Hz, 1P,
B).

HRMS (ESI): m/z calcd. for C37Ha5N7018P3" [M-H] : 968.2039, found: 968.2044

Analytical RP-HPLC R; (gradient:0-60% buffer B) = 5.699 min

6.3.1.3 Synthesis of y-allyl-ATP (26)

NH,
~
N
7/
o <N \ N/)
|| 1] ||
\~"0-P-0-P-0-P-0
o o o 0
OH OH

Chemical Formula: Ci3H17NsO13Ps*
Molecular Weight: 544.22

The synthesis of compound 26 was performed with ATP tetrabutylammonium salt (123.45 mg,
100 pumol, 10 equiv.), and allyl bromide (65.48 mg, 541.28 umol, 5.4 equiv.) as described in
general procedure | and Il. RP-HPLC purification afforded the tris-triethylammonium salt of 26,
which was further transferred to its sodium salt (general procedure lll) and isolated as a

colorless solid after lyophilization (55%).
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1H NMR (800 MHz, MeOD) & 8.63 (s, 1H, H2), 8.17 (s, 1H, H8), 6.10 (d, J = 5.3 Hz, 1H, H1’), 5.97
(ddt, J = 17.2, 10.6, 5.3 Hz, 1H, CH-CH;), 5.32 — 5.27 (m, 1H, CH-CH,), 5.09 — 5.04 (m, 1H, CH-
CH,), 4.66 (t, J = 5.1 Hz, 1H, H2’), 4.54 (dd, J = 5.0, 3.6 Hz, 1H, H3’), 4.51 — 4.46 (m, 2H, CH,-CH-
CHy), 4.28 — 4.20 (m, 3H, H4’, H5’). 13C NMR (201 MHz, MeOD) & 158.21, 154.61, 150.03,
143.04, 136.22, 120.72, 115.65, 87.29, 84.65, 76.49, 72.83, 67.88, 65.92. 3P NMR (202 MHz,
MeOD) & -9.42 (d, J = 16.5 Hz, 1P, o), -9.88 (d, J = 16.8 Hz, 1P, y), -19.87 (t, J = 16.6 Hz, 1P, P).

HRMS (ESI): m/z calcd. for C13H19Ns013P3 [M-H] : 546.0197, found: 546.0197
Analytical RP-HPLC R; (gradient:0-10% buffer B) = 4.420 min

6.3.1.4 Synthesis of 3'-azido-2',3'-dideoxyadenosine monophosphate (27)

NH,
ag
0 o
o—g_—o o
N; OH

Chemical Formula: C10H11NsOsP*
Molecular Weight: 370.06
The synthesis was performed following an adjusted protocol of Zhang and co-workers.[114] [207]
Therefore, 3'-azido-2',3'-dideoxyadenosine (20 mg, 68.43 umol, 1.0 equiv.), was added to a
round bottom flask, which was previously heated under reduced pressure and floated with Ar.
The flask was equipped with a septum and an Ar ballon and after triethyl phosphate (2.8 mL)
was added via syringe, the mixture was stirred at ca. 1°C for 15 min, before POCl; (62.95 mg,
38 uL, 410.6 umol, 6.0 equiv) was added dropwise via syringe. Since the reaction control,
which was performed via analytical HPLC, indicated only 60% product formation, again POCls
(62.95 mg, 38 uL, 410.6 umol, 6.0 equiv.) was added to the reaction mixture, while keeping
the temperature at 1°C. After a total reaction time of 5.5 h, the reaction was quenched with
15 mL TEAA buffer (0.1 M). The reaction mixture was then washed with EtOAC (to remove
P(OEt)s), and the combined aqueous solution was filtered. Semi preparative RP-HPLC
purification afforded the tris-triethylammonium salt of 27 as a colorless oil after lyophilization

(conversion yield determined via analytical RP-HPLC; 96%). *H NMR (500 MHz, D,0) &6 8.51 (s,
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1H, H2), 8.24 (s, 1H, H8), 6.11 (d, J = 5.8 Hz, 1H, H1’), 5.04 (t, ] = 5.7 Hz, 1H, H2’), 4.53 (dd, J =
5.6, 4.0 Hz, 1H, H3'), 4.43 — 4.37 (m, 1H, H4’), 4.15 — 4.06 (m, 2H, H5’). 3'P NMR (202 MHz,
D20) 6 -0.00.

HRMS (ESI): m/z calcd. for C10H12NgOsP [M-H] : 371.0623, found: 371.06168
Analytical RP-HPLC R; (gradient:0-10% buffer B) = 4.051 min

6.3.2 T4 PNK Catalyzed 5'-End Labelling Reaction

For analyzing compound 25 and 26 regarding their properties as potential T4 PNK substrates
the reactions were performed in reference to Schénegger et al.’8”1 on a 43 mer oligonucleotide
ODN1 (5'-3": GCC ATA GCG ATA GCG ATA CGC ACA CCC GGT CCT CCT AAT TTA T) as follows:
ODN1 (5 pL, 10 uM dilution in RNase free H,0, 50 pmol, 1.0 equiv.) was heat denatured at
70°C for 5 min and then immediately put on ice. After cooling to r.t. for 5 min, PEG6000
(10.4 pL of 24% solution, purchased from Thermo Scientific™), T4 PNK buffer (10X reaction
buffer A, purchased from Thermo Scientific™), compound 25 and 26 (5 uL, 10 mM in H20,
50 nmol, 1000 equiv.) respectively and T4 PNK (5 pL, 10U/uL, purchased from Thermo
Scientific™), were added. The reaction mixtures (50 pL total volume) were mixed by pipetting
and incubated at 37°C for 3 h. The samples were purified by spin column purification (Oligo
Clean & Concentrator Kit from Zymo Research), the concentrations of the purified samples
were determined on a Qubit 4 Fluorometer using the Qubit™ ssDNA Assay-Kit and subsequent
analytical RP-HPLC analysis were performed as described in section 6.1. The results and

relevant RP-HPL chromatograms are displayed in Table 1.
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Table 1. RP-HPL chromatograms of ODN1 unmodified and purified reaction mixtures after T4 PNK catalyzed labelling reactions

with compound 25 and 26 respectively. ODN1:

sample

analytical RP-HPL chromatogram (gradient: 0-30% buffer B)

ODN1

RTQDN1= 4.523 min

TT T T T I T T T T I T T T T I T TTrrIr1T
500 6.00 7.00 800 9.00

Time (min)

10.00

compound

conversion yield of 5'-
end labelling of ODN1
with y-phosphate
modified ATPs [%]

analytical RP-HPL chromatogram (gradient: 0-30% buffer B)

25

Absorbance (a.u.)

e
=)
I

0.02

RTODN1= 4.558 min
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Time (min)
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26

Absorbance (a.u.)

RTODN1= 4.597 min

o Q Q o
o =) o o
L S L

o
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6.4 Click-Modified Cu(ll)-Dependent Nucleic Acid-Based Artificial Ribonuclease
for Targeted Cleavage of SARS-CoV-2 Genomic RNA

6.4.1 Synthesis of Internal C8-Alkyne Modified Oligonucleotides

Internal C8-alkyne modified oligonucleotides were either synthesized on 1 umol scale using
DNA SynBase™ CPG 1000/110 as solid supports on an automated DNA synthesizer (K&A H-8
SE Oligo-Synthesizer) with standard phosphoramidite chemistry, or otherwise provided by Ella
Biotech GmbH using proprietary methods. The phosphoramidites of canonical
deoxyribonucleosides (Bz-dA, Bz-dC, iBu-dG, dT) were purchased from Glen Research or
Sigma-Aldrich, C8-alkyne-dT-CEP was provided by baseclick GmbH and solid supports were
purchased from Link Technologies Ltd (DNA SynBase™ CPG 1000/110). The coupling efficiency
was monitored with a trityl monitor. For the synthesis, DCA in CH,Cl, was employed as
deblocking agent, Activator42® as an activator, Ac;0 in pyridine/THF as capping reagent and
I, as oxidizer in pyridine/H,0. The cleavage and deprotection of the CPG bound
oligonucleotides and deprotection was carried out by treating the solid support with 30%
NH4OH (1 mL) at r.t. overnight (300 rom on the thermomixer). After centrifugation the
supernatant was collected, and the beads were washed three times with 0.5 mL H;O. The
combined aqueous solutions were concentrated under reduced pressure for 1.5 h at 30°C
using a SpeedVac concentrator (Savant™ SpeedVac™ SPD120 Vacuum Concentrator) and the
remaining residue was lyophilized. The oligonucleotides were further purified by semi-
preparative RP-HPLC (section 6.1) using a gradient of 0-40% of buffer B over 45 min was
applied for purification. The purified oligonucleotides were analyzed by analytical RP-HPLC
(section 6.1) using gradient was 0-30% buffer B from 0 = 4 min, followed by 30-85% buffer B
from 4 - 10 min. The concentrations of the oligonucleotides were calculated as described in
section 6.1 and the structural integrity of the synthesized oligonucleotides was determined by
MALDI-TOF mass measurements (section 6.1, Table 2). The isolated yield of the

oligonucleotides after HPLC purification was between 290 and 360 nmol (29-36%).
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Table 2. left) RP-HPL-chromatograms (gradient: 0-30% buffer B from 0 - 4 min, followed by 30-85% buffer B from 4 -

10 min) and right) MALDI-TOF mass spectra (positive mode) of purified oligonucleotides.

Sequence: ODN2
5'- ACT AAG CAX GCA GCC GAG TG -3'
Re=3.201 min

< e
) w
S Z
2304
204

Absorbance (a.u.)
(=]
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0.00 e

0.00 100 200 300 400 500 600 700 800 900 1000 11.00
Time (min)

[M+H]* m/z calcd. 6242.18

found 6242.64
100 -

50 A
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0 T T T
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Sequence: ODN3A
5'-TGC GTG AGX GCA CTA AGCA -3'
Rt= 3.202 min

Absorbance (a.u.)
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TS e
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Sequence: ODN3C
5'- TGC GXG AGT GCA CTA AGCA -3'
Rt= 3.182 min

0.259
= 0.204
8 0.15]
3
£ 0.104
(723
£ 0.05
0.004—*

0.00 100 200 300 400 500 600 700 800 900 1000 11.00
Time (min)

[M+H]* m/z calcd. 5943.98
found 5943.68
[M-H+K+Na]* calcd. 6004.06
found 6005.88 |—
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6.4.2 CuAAC of N3-Cu-Ligand to Alkyne Modified Oligonucleotides

The copper(l)-catalyzed azide-alkyne cycloaddition (CuAAC) of the C8-alkyne modified
oligonucleotides (Table 3, Figure 45 ) and the DC-Pyr-N3s ligand (chemical formula: C29H31N110)
were performed following an adjusted protocol described by Lauria et al.™>! The CuAAC
reactions were performed in two different scales (25 nmol and 250 nmol). The CuAAC click

reaction is displayed in Scheme 8, on the example of ODN2.

N H\
%
—7’4)\;0\ —v%ic
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C‘/P\‘i e
o 3
/\"’)Eo\ )’%\
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%, _ R N
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- H N . o 0,
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. o . %
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Scheme 8. Schematic representation of the CUAAC on ODN2 with DC-Py-Nj3 ligand (exemplary scheme represents all CUAAC
reactions). dR= deoxyribose backbone, P= phosphate, A, C, G, T= nucleobases. Oligonucleotide sequences are displayed using

the HELM Monomer Toolbar from Chemdraw 22.0.0.
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Table 3. Internal C8-alkyne modified oligonucleotides.

Name Sequence (5' to 3') Modification Length (nt) [L/(mosie-cm)]
ODN1A AGC CGA GXG ACA GCC ACA CA X=C8-Alkyne-dT 20 198900
ODN1B AGC CGA GTG ALA GCC ACA CA L=C8-Alkyne-dC 20 201400
ODN1C AGC CGA GTG ACA GCC ALA CA L=C8-Alkyne-dC 20 201400
ODN2 ACT AAG CAX GCA GCC GAG TG X=C8-Alkyne-dT 20 197100
ODN3A TGC GTG AGX GCA CTA AGC A X=C8-Alkyne-dT 19 185000
ODN3B  TGC GTG AGT GCA CTZ AGC A Z=C8-Alkyne-7- 19 186300
deaza-dA
ODN3C TGC GXG AGT GCA CTA AGC A X=C8-Alkyne-dT 19 185000
ODN4 AGT GCA CTA AGC AXG CAG CCG AGT GAC AGC C X=C8-Alkyne-dT 31 302900
ODNS5 GCA TGC AGC CGA GXG ACA GC X=C8-Alkyne-dT 20 193600
ODN6 GAG TGC ACX AAG CAT GCA GC X=C8-Alkyne-dT 20 196600
/ L=C8-alkyne-dC X=C8-alkyne-dT \
- X NH A
Z= C8-alkyne- NH, [ 2 N o
7-deaza-dA . | SN | NH
N N/) N/go N/go
NN NS NS\
(0] (0] (o)
o) o)

Figure 45. Schematic representation of internal C8-alkyne modifications.

CuAAC Small Scale (25 nmol). In a 1.5 mL Eppendorf tube, 250 ul of alkyne modified
oligonucleotide (100 uM in H,0, 25 nmol, 1 equiv.), was added to 25 pL of DC-Py-N3 ligand
(10 MM in DMSO, 250 nmol, 10 equiv.) and degassed for 10 min with Ar. Then 225 pL of DMSO
(degassed for 10 min with Ar) was added to get a 1:1 H,0: DMSO dilution. In separate 1.5 mL
Eppendorf tube the catalytic solution was prepared as follows: 25 pL of THPTA (10 mM in H20,
250 nmol, 10 equiv.), 37.5 pL of CuSO4 (10 mM in H,0, 375 nmol, 15 equiv.) 12.5 uL of Na asc.

(100 mM, 1250 nmol, 50 equiv.). The catalytic solution was degassed for 10 min with Argon,
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then the combined with oligo/DC-Py-N3 ligand solution and mixed on the thermocycler at r.t.
with 600 rpom overnight. After reaction control via HPLC, the reaction was quenched with
225 L EDTA (50 mM in H20, 11250 nmol, 450 equiv.). The crude reaction mixture was
desalted using Glen Gel-Pak™ 1.0 Desalting Column according to the manufacturer’s
procedure. For subsequent RP-HPLC purification the desalted reaction mixture was
concentrated to a volume of 100 uL using a SpeedVac concentrator. The clicked
oligonucleotides were further purified by semi preparative RP-HPLC (section 6.1). A gradient
of 0-40% of buffer B over 45 min was applied for purification. The collected fractions were
lyophilized, rediluted in 1 mL H,O and again desalted using Glen Gel-Pak™ 1.0 Desalting
Column according to the manufacturer’s procedure. The purified oligonucleotides were
analyzed by analytical RP-HPLC (section 6.1). A gradient of 0-30% buffer B from 0 < 4 min, 30-
85% buffer B from 4 = 10 min was applied. The concentrations of the oligonucleotides were
calculated as described in section 6.1, whereas for the extinction coefficient (g) of the Cu-
ligand clicked oligonucleotide, the same value as for the corresponding alkyne modified
oligonucleotide was chosen, since the impact of the clicked DC-Py-N3s ligand is supposed to be
negligible. The structural integrity of the ligand-clicked oligonucleotides (ODN1-6*) were

determined by MALDI-TOF mass measurements (section 6.1, Table 4).

CuAAC Large Scale (250 nmol). In a 10 mL round flask equipped with a magnetic stirring bar,
250 pL DC-Py-Ns ligand (10 mM in DMSO, 10 equiv., 2500 nmol), 250 uL of alkyne modified
DNA oligonucleotide (100 uM in H,0, 250 nmol, 1 equiv.) and 2995 uL DMSO (to reach a final
1:1, DMSO: H,0 dilution) were combined and degassed with Ar for 10 min. In a falcon the
catalytic solution was prepared as follows: 250 uL of THPTA (10 mM in H,0O, 2500 nmol,
10 equiv.), 375 pL of CuSQO4 (10 mM in H20, 3750 nmol, 15 equiv.), 125 pL of Na asc. (100 mM,
12500 nmol, 50 equiv.). The catalytic solution was degassed for 10 min with Ar, then the
combined with oligo-DC-Py-N3 ligand solution and stirred at r.t. overnight. After reaction
control via HPLC, the reaction was quenched with 1125 uL EDTA (100 mM in H,0, 11250 nmoal,
450 equiv.). The crude reaction mixture was concentrated to 1 mL using a SpeedVac
concentrator and then desalted using Glen Gel-Pak™ 1.0 Desalting Column according to the
manufacturer’s procedure. The desalted clicked oligonucleotides (3.5-4 mL) were purified by
semi-preparative RP-HPLC. Further work up and characterization steps were performed as

described in the CUAAC-Small scale protocol. The conversion yield [%] of the Cu-binding ligand
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clicked oligonucleotides (ODN1-6*) was determined by analytical RP-HPLC, varying between
95 and 99 %.

Table 4. left) RP-HPL-chromatograms (gradient: 0-30% buffer B from 0 - 4 min, followed by 30-85% buffer B from 4 -

10 min) and right) MALDI-TOF mass spectra (positive mode) of purified ligand clicked oligonucleotides.

Sequence: ODN1A* [M+H]* m/z calcd. 6745.81
5'- AGC CGA GX*G ACA GCC ACA CA -3'

found 6744.932
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Sequence: ODN1B*
5'- AGC CGA GTG AL*A GCC ACA CA -3'
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Sequence: ODN1C*

[M+H]* m/z calcd. 6759.83
5'- AGC CGA GTG ACA GCC AL*A CA -3'

found 6759.58
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Sequence: ODN2*
5'- ACT AAG CAX* GCA GCC GAG TG -3'

Ri=4.843 min
o
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Sequence: ODN3A*
5'- TGC GTG AGX* GCA CTA AGCA -3'
Rt= 4.801 min
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Sequence: ODN3B*
5'- TGC GTG AGT GCA CTZ* AGCA -3'
Ri=4.824 min
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Sequence: ODN3C*
5'- TGC GX*G AGT GCA CTA AGCA -3'

Experimental Section of Unpublished Work |

[M+H]* m/z calcd. 6493.63

' found 6492.52
Ri=5.027 min
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Sequence: ODN4*

5'- AGT GCA CTA AGC AX*G CAG CCG AGT GACAGCC
-3

R=4.575 min

0.604 v

— N

S p

& Tt

o 0.404

o

=

[}

£

2 0.20

<

0.00 L‘
0.00 100 200 300 400 500 600 700 800 900 1000 11.00

Time (min)

[M+H]* m/z calcd. 10180.01

100

Intensity (a.u.)
o

0

found 10178.93}

9100

10100 11100
m/z

Sequence: ODN5*
5'- GCA TGC AGC CGA GX*G ACA GC-3'
Rt= 4.805 min
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Sequence: ODN6*
5'- GAG TGC ACX* AAG CAT GCA GC -3'

[M+H]* m/z calcd. 6792.83

' found 6791.31
Ri=4.767 min
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Time (min) 0 - . .
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Table 5. Internal C8-alkyne modified and ligand-clicked (*) oligonucleotides
' ' . . €
Name Sequence (5' to 3') Modification Length (nt) [L/(mole-cm)]
ODN1A* AGC CGA GX*G ACA GCC ACA CA X=C8-Alkyne-dT 20 198900
ODN1B* AGC CGA GTG AL*A GCCACA CA L=C8-Alkyne-dC 20 201400
ODNI1C* AGC CGA GTG ACA GCC AL*A CA L=C8-Alkyne-dC 20 201400
ODN2* ACT AAG CAX* GCA GCC GAG TG X=C8-Alkyne-dT 20 197100
ODN3A* TGC GTG AGX* GCA CTAAGCA X=C8-Alkyne-dT 19 185000
ODN3B*  TGC GTG AGT GCA CTZ* AGC A Z=C8-Alkyne-7- 19 186300
deaza-dA

ODN3C* TGC GX*G AGT GCA CTAAGCA X=C8-Alkyne-dT 19 185000
ODN4* AGT GCA CTA AGC AX*G CAG CCG AGT GACAGCC X=C8-Alkyne-dT 31 302900
ODN5* GCA TGC AGC CGA GX*G ACA GC X=C8-Alkyne-dT 20 193600
ODNG6* GAG TGC ACX* AAG CAT GCA GC X=C8-Alkyne-dT 20 196600

*=ligand-clicked
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6.4.3 Binding Affinity Analysis of C8-Alkyne and Cu-Binding Ligand Clicked

Oligonucleotides towards Target, Off-Target Sequences via nPAGE

Target and off target oligoribonucleotides were purchased from Ella Biotech GmbH and the

sequences are displayed in Table 6.

Table 6. Oligoribonucleotide target (T) and off target (OT) sequences

T/OF Name Type Sequence (5' to 3') Modification Length
(nt)
T ORN1 RNA CUG UGU GGC UGU CAC UCG GCU GCA UGCUUA GUG CACUCA - 44
CGCAG

T ORN2 modif. Z CUG UGU GGC UGU CAC UCG GCU GCA UGC UUA GUG CAC 5'-SulfoCy5=2 44
RNA UCA CGCAG

T ORN3 modif. ZCUG UGU GGC UGU CAC UCG GCU GCA UGC UUA GUG CAC 5'-SulfoCy5=2 44
RNA UCA CGC AG-BHQ2-PHO 3'-BHQ2-PHO

oT ORN4 RNA CAC CGA GGC CAC GCG GAG UAC GAU CGA GUG UACAGU G - 37

oT ORNS5 modif. CY3-CAC CGA GGC CAC GCG GAG UAC GAU CGA GUG UAC AGU 5'-Cy3 37
RNA G-3'

oT ORN6 modif. CY3-CAC CGA GGC CAC GCG GAG UAC GAU CGA GUG UAC AGU 5'-Cy3 37
RNA G-BHQ2-PHO 3'-BHQ2-PHO

Structure of the Z modification is given below

02
\\s\o_

Structure of the Cy3 modification is given

—O0-P-0"

s d 5'-Cy3
2 ,NQN\\
N N’ N NO
g @ /O @ 2
0 o
o "y

Structure of the BHQ2 (black hole quencher 2)-PHO modification is given below

3'-BHQ2-PHO
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6.4.3.1 Binding Affinity Analysis of C8-Alkyne and Cu- Ligand Clicked Oligonucleotides

towards Target, Off-Target without Cu(ll) -Source

In a 200 pL PCR vial C8-alkyne modified oligonucleotides ODN1-6 (0.5 pL of 5 uM dilution in
H>0, 2.5 pmol, 5 equiv.) and ligand-clicked oligonucleotides ODN1-6* (0.5 pL of 5 uM dilution
in H,0, 2.5 pmol, 5 equiv.) respectively, were mixed with target ORN2 (0.5 pL of 1 uM dilution
in H,0, 0.5 pmol, 1 equiv.), off-target ORN5 (0.5 pL of 1 uM dilution in H,0, 0.5 pmol, 1 equiv.)
and 4.5 uL RNA buffer (10 mM HEPES, 150 mM NaCl, 2 mM MgCl,, pH 7). For the control target
and off-target sample ORN2 and ORNS5 respectively (0.5 pL of 1 uM dilution in H;0, 1 equiv.)
were mixed with 4.5 uL RNA buffer (10 mM HEPES, 150 mM NaCl, 2 mM MgCl,, pH 7) and 1 pL
nuclease free H,0 in a 200 pL PCR vial. All samples (6 pL each) were incubated at 37°C in the
thermocycler for 2 h and subsequently 1 uL of Orange dye (6) was added to the samples and
loaded onto the gel. Native PAGE (nPAGE, 20%, section 6.1 B) was run for 4 h at 70 V and
afterwards imaged using Cy3 and Cy5 filters, before being stained for 10 min with SYBR Gold
(1X dilution) and again imaged again using Cy3, Cy5 and blue filters (for visualization of SYBR

gold stain).

6.4.3.2 Binding Affinity Analysis of Selected Cu-Ligand-Clicked Oligonucleotides

towards Target, Off-Target with Cu(ll) Source

In a 200 pL PCR vial ligand-clicked oligonucleotides ODN1A-C*, ODN2*, ODN4* and ODN5*
(0.5 pL of 5 uM dilution in H20, 2.5 pmol, 5 equiv.) respectively, were mixed with Cu(Cl40)
(0.5 pL of 10 uM dilution in H20, 5.0 pmol, 10 equiv.) and incubated at r.t. for 20 min. Next,
ORN2 (0.5 pL of 1 uM dilution in H;0, 0.5 pmol, 1 equiv.), ORN5 (0.5 pL of 1 uM dilution in
H,0, 0.5 pmol, 1 equiv.) and 4.0 uL RNA buffer (10 mM HEPES, 150 mM NaCl, 2 mM MgCl,, pH
7) were added, mixed and incubated for 18 h at 37°C. For the control samples, ODN1A-C*,
ODN2*, ODN4* and ODN5* (0.5 pL of 5 uM dilution in H20, 2.5 pmol, 5 equiv.) were mixed
with 4.5 uL RNA buffer (10 mM HEPES, 150 mM NacCl, 2 mM MgCl,, pH 7) and the control
target and off-target samples were prepared as described in section 6.4.3.1. All control
samples were incubated for 18 h at 37°C. Afterwards, nPAGE and imaging was performed as

described in section 6.4.3.1.
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6.4.4 Cleavage Analysis of Cu-Ligand-Clicked Oligonucleotides towards Target, Off-

Target

Initial cleavage analysis. ODN5* (0.5 or 1 pL of 5 uM dilution in H;0, 2.5 or 5 pmol, 5 or
10 equiv.) was mixed with different amounts of Cu(Cls0)2 (0.5 or 1 pL of 10 uM dilution in H20,
5 or 10 pmol, 10 or 20 equiv.) and incubated at r.t. for 20 min. Then Na asc. (different
amounts, 10-100 uM in H20, 12.5-250 pmol, 25-500 equiv.) was added to the ODN-Cu(Cl40)2
-solution and incubated again at r.t. for 10 min. Afterwards ORN2 (0.5 uL of 1 uM dilution in
H,0, 0.5 pmol, 1 equiv.), ORN5 (0.5 pL of 1 uM dilution in H,0, 0.5 pmol, 1 equiv.) and 0.5-
2.75 uL RNA buffer (10 mM HEPES, 150 mM NacCl, 2 mM MgCl,, pH 7), to reach a total volume
of 6 uL, were added, mixed and incubated for 18 h at 37°C. The target and off-target control
samples were prepared as described in 6.4.3.1 and also incubated for 18 h at 37°C. Afterwards,
NPAGE and imaging were performed as described in section 6.4.3.1. The ratios of the different

conditions can be taken from Table 7.

Table 7. Ratios of different conditions for the initial cleavage experiments. Numbers represent equivalents (1= 1 equiv. =

0.5 pmol).
compound
conditions
ORN2 (T) ORNS5 (OT) ODN5* Cu(Cl;0), Na Asc.
Al 1 1 5 10 250
A2 1 1 5 10 25
B1 1 1 10 20 500
B2 1 1 10 20 50

Cleavage analysis with increased Na ascorbate. concentration. ODN5* and ODN4* (0.5 or
1 uL of 5 uM dilution in H20, 2.5 or 5 pmol, 5 or 10 equiv.) respectively were mixed with
different amounts of Cu(Cl20); (0.5 or 1 puL of 10 uM dilution in H,0, 5 or 10 pmol, 10 or
20 equiv.) and incubated at r.t. for 20 min. Then Na asc. (different amounts, 1-10 mM in H,O,
1250-5000 pmol, 2500-10000 equiv.) was added to the ODN-Cu(Cls0); -solution and
incubated again at r.t. for 10 min. Afterwards, ORN2 (0.5 pL of 1 uM dilution in H,0, 0.5 pmol,
1 equiv.), ORN5 (0.5 pL of 1 uM dilution in H20, 0.5 pmol, 1 equiv.) and 1.5- 2.75 puL RNA buffer
(10 mM HEPES, 150 mM NaCl, 2 mM MgCl,, pH 7), to reach a total volume of 6 uL, were added,
mixed and incubated for 18 h at 37°C. The target and off-target control samples were
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prepared as described in section 6.4.3.1 and also incubated for 18 h at 37°C. Afterwards
NPAGE and imaging were performed as described in section 6.4.3.1. The ratios of the different

conditions can be taken from Table 8.

Table 8. Ratios of different conditions for the cleavage experiments with increased Na asc. Numbers represent equivalents

(1= 1 equiv.= 0.5 pmol)

compound
conditions
ORN2 (T) ORNS5 (OT) ODN5* Cu(Cl;0), Na Asc.
1 1 5 10 2500
1 1 5 10 5000
1 1 10 20 5000
1 1 10 20 10000

6.4.5 Binding Affinity Measurement and Determination of Dissociation Constant

Ko via Microscale Thermophoresis (MST)

Microscale thermophoresis (MST) was performed on a Monolith NT115 device using standard
capillaries from NanoTemper Technologies GmbH. All device relevant consumables were
purchased from NanoTemper Technologies GmbH and the instrument was calibrated
according to the manufacturer's instructions. General settings for all MST experiments were
applied as follows: thermostat setpoint: 25°C, excitation type- Nano-RED, excitation-power:
40%, MST-power: medium. The instructions for the sample preparation of the individual
experiments were provided by the Monolith Control (MO) software. MST measurements were
analyzed using the MO Analysis software (v3.0.5), and the generated data was exported and
processed in Excel. The Kp values are generated by the MO Analysis’ Kp model.

MST experiments were performed for C8-alkyne modified oligonucleotides, ODN2, ODN4,
ODNS5, and ligand-clicked oligonucleotides ODN2*, ODN4*, ODN5*. All dilutions were
prepared in RNA buffer (10 mM HEPES, 150 mM NaCl, 2 mM MgCl,, pH 7). Two different
experimental series were performed, with a constant target (ORN2) concentration of 20 nM
and varying ligand (ODN2, ODN4, ODN5, ODN2*, ODN4*, ODN5*) concentrations with the
highest concentration of either 400 nM or 2.5 uM. For the sample preparation a 1 uM stock
solution of ORN2 in H,0 was prepared and diluted in RNA buffer according to the MO control
software. For the individual ligands (oligonucleotides) 800 nM or 5 uM stock solutions in
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nuclease free H,O were prepared and again diluted in RNA buffer according to the MO control
software. The preparation of a serial dilution for each experiment (16 varying ligand
concentration and constant target concentration) was prepared following the MO control
software, starting with the highest concentration of either 400 nM or 2.5 uM. Subsequently,
to each sample of the serial dilution (16 dilutions in total), 10 uL of 40 nM target was added
to reach a total volume of 20 uL, mixed and incubated for 4 h at 37°C. The samples were

transferred to the MO capillaries and the measurement was started.
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6.5 Investigations towards Copper-Free Click Chemistry for Optimized mRNA

Vaccine Development

General remarks. ORN1 samples were purified by spin column purification (Oligo Clean &
Concentrator Kit from Zymo Research), the concentrations of the purified samples were

determined on a Qubit 4 Fluorometer using the Qubit™ RNA HS Assay-Kit.

6.5.1 Quantification of 3'-Ns Labelling and SPAAC with DBCO-Trimannose-Moiety

for baseclick’s mRNA vaccine Development

3'-N3 labelling of ribo nucleic acid and SPAAC with DBCO-trimannose targeting moiety

Yeast poly(A) polymerase and its buffer (5x) were purchased from Thermo Fisher Scientific, 3'-
azido-2',3'-ddATP was purchased from Jena Bioscience. The 3'- end labelling was performed
in reference to Croce et al.’®1 The reaction was set up in a 200 pL PCR vial, whereas 9 pL RNase
free H,0, 2 uL of 3'-azido-2',3'-ddATP (10 mM, 20 mmol, 500 eugiv.), 4 uL ORN1 (10 uM,
40 pmol, 1 equiv., purchased from Ella Biotech), 4 uL yPAP buffer (5X) and 1 uL yPAP
(600 U/uL) were combined and mixed by pipetting. The samples were incubated for 2 h at
37°Cin a T100 Thermo Cycler from Bio-Rad and subsequently cooled to 4 °C for at least 3 min

before being purified via spin-column purification.

For the SPAAC of the 3'-N3 labelled ORN1 (ORN1-a) with the DBCO- trimannose targeting
ligand (10 mM stock solution in DMSO, provided by colleagues from the baseclick GmbH),

different conditions were tested, as displayed in Table 9.

Table 9. SPAAC conditions.

ratio
condition time [h] temperature
ORN1-a: DBCO-triman.
Al 1:100 3 r.t.
A2 1:100 3 r.t.
B1 1:1000 18 r.t.
B2 1:1000 18 r.t.
B3 1:1000 1 37°
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All click reactions were prepared in 0.2 mL PCR tubes. ORN1-a (80 ngin H;0, 12 pmol, 1 equiv.)
from the previous step was mixed with either 1.2 pL (1.41 pg, 1200 pmol, 100 equiv.) or 12 pL
(14.1 pg, 12000 pmol, 1000 equiv.) DBCO-trimannose ligand (MW: 1174.21 g/mol, 1 mM
dilution of 10 mM stock solution) and filled up with RNase free H,0 to a total volume of 20 pL.
Depending on the conditions the reaction mixture was either stored at r.t. for 3 hand 18 h, or
incubated at 37°C on a thermocycler for 1 h, before being purified via spin column. MALDI-
TOF MS analysis were performed as described in section 6.1. and the observed fragments are

displayed in Table 10.

Table 10. MALDI-TOF MS results

[M+H]* m/z

name sequence (5' to 3') caled [M+H]* m/z found
ORN1-a UUG GUA UCG CUA UCG CUA UGG A-Ns3 7005.20 7006.43
ORN1-b UUG GUA UCG CUA UCG CUA UGG A-N3-DBCO- 8178.41 8181.55

trimannose conjugate

The 3'-N3 labelled of ORN1 and the subsequent SPAAC with the DBCO trimannose ligand using
the conditions B2 (1:1000, r.t., 18 h), was further evaluated by analytical RP-HPLC. The results

are displayed in Table 11.
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Table 11. HPL chromatogram of ORN1, ORN1-a and ORN1-b (conditions B2). Gradient: 0-30% buffer B from 0 - 8 min. NSF=
no signal found. HPL chromatogram for ORN1-b is only displayed from 2-9 min due to high S/N ratio.
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The N-protein encoding mRNA with 100% pseudo uridine replacement, was provides by a
colleague from the baseclick GmbH. The 3'-N3 end labelling was performed in a 0.2 mL PCR
vial, where 5 uL yPAP buffer (5X), N-mRNA (varying volumes, depending on the concentration,
1 equiv.), 1.25 pL 3'-azido-2',3'-ddATP (10 mM, 500 equiv.) and 1 uL of yPAP (600 U/uL) were
combined, filled up to a total volume of 25 pL and mixed by pipetting. The samples were
incubated for 2 h at 37°C in a T100 Thermal Cycler from Bio-Rad and subsequently cooled to
4 °C for at least 3 min before being purified via spin-column purification (RNeasy MinElute
Clean up Kit). The SPAAC was performed in a 1:1000 ratio of 3'-N3 labelled mRNA from the

previous step with the DBCO-trimannose ligand (2 pL of 10 mM solution), at r.t. for 18 h.

Quantification by LC-MS

All LC-MS analysis were performed by Dr. Mirko Wagner from the Carell group on a LTQ
Orbitrap XL from Thermo Fisher Scientific.

For the LC-MS analysis of the undigested ORN1 samples, ~ 55 ng of each spin column purified
sample (ORN1, ORN1-a, ORN1-b) in 100 puL RNase free H,0, was prepared and stored at -20°C

until the LC-MS analysis were performed. The analyzed fragments can be taken from Table 12.

Table 12.
sample MW [g/mol] z MW [g/mol] protonated [M+H]* m/z calcd.
ORN1 6666.9742 4 6671.0040 1667.4725
ORN1-a 7005.1980 4 7009.2278 1751.9885
ORN1-b 8179.4080 5 8183.4378 1636.6876

One exemplary LC-MS result is displayed in Figure 46.
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Figure 46. LC-MS result of ORN1-b using SPAAC conditions Al (1:100, 3 h, r.t.). RT= retention time, MA= mass area (mass

trace was used for quantification), BP= base peak.

The determined yields are displayed in Table 13.

Table 13. Conditions and yield of the identified products ORN1-a and ORN1-b [%]. NSF= no signal found.

condition ORN1-a [%] ORN1-b [%]
Al 68.24 31.76
A2 54.42 45.58
B1 9.86 90.14
B2 NSF 100
B3 56.28 43.72

For the LC-MS analysis of the nucleoside digestion products, the all samples were incubated
with the NEB Nucleoside Digestion Mix. For the ORN1 samples, 10 pL Nucleoside Digestion
Mix reaction buffer (10X), between 8 and 12 uL of oligoribonucleotide sample (60-100 ng of
ORN1, ORN1-a and ORN1-b respectively) and 2 uL Nucleoside Digestion Mix were added to a
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0.2 uL PCR vial, filled up with RNase free H,0 a total volume of 100 pL and mixed by pipetting.
For the mRNA samples, 10 pL of Nucleoside Digestion Mix reaction buffer (10X), 6 uL of mRNA
(1 pg of unmodified, 3'-Ns-labelled and click N-protein encoding mRNA respectively), 2 uL
Nucleoside Digestion Mix and 81 uL RNase free H,O to reach a total volume of 100 pL were
added to a 0.2 pL PCR vial and mixed by pipetting. All samples were incubated for 3 h at 37°C

and after cooling to r.t. stored at -20°C until the LC-MS analysis were performed.
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6.5.2  Circularization of an RNA-RNA Oligoribonucleotide Assembly via SPAAC and

Enzymatic Ligation for Potential Circular mRNA Application

The oligoribonucleotides ORN1 and ORN2 were purchased from Ella Biotech GmbH and the

sequences of all relevant oligoribonucleotides are displayed in Table 14.

Table 14. Sequences of ORN1 and ORN2.

name type sequence (5'to 3') modification length (nt) [M+H]* m/z
calcd.
ORN1 RNA UUG GUA UCG CUA UCG CUA UGG - 21 6666.97
ORN1-a modified RNA  UUG GUA UCG CUA UCG CUA UGG A-N3 3" N3 22 7005.20
ORN2 modified RNA  YGU AUC GCU AUC GCU A Y=5'-DBCO” 15 5258.78
3'=
phosphate

(o}

O N)WH\/\/\/\*(';‘O—? 5'-DBCO
Q o o

3'-Ns-labelling via yPAP and 3'-Azido-2',3'-ddATP. The reaction was performed as described
in section 6.5.1. MALDI-TOF MS analysis were performed as described in section 6.1.
ORN1-a: [M+H]* m/z calcd. 7005.20

found 7004.92

SPAAC of ORN1-a and ORN2. To a 0.2 mL PCR vial, 6 uL HEPES (0.1 M in RNase free H,0, pH
7-7.6), 15.8 uL NaCl (0.2 M in RNase free H;0), 1.4 uL EDTA (0.1 M in RNase free H,0), 0.8 uL
of ORN2 (421 ng, 80 pmol, 2.5 equiv., 100 uM in RNase free H,0) and ORN1-a from the
previous step (224 ng, 32 pmol, varying volume depending on the concentration, ~20 ng/uL)
were added and the reaction mixture was filled up with RNase free H,0 to a total volume of
37 uL and mixed by vortexing. The reaction was performed at r.t over night (ca. 18 h), before
being purified via spin column.Ligation of ORN1-b via RtcB ligase. The enzymatic ligation was
performed in reference to the manufacturer’s protocol with adjustments. RtcB ligase, its
buffer, MnCl,, GTP were purchased from New England Biolabs. To a 0.2 mL PCR vial, 2 pL of
RtcB buffer (10X), 2 uL MnCl; (10 mM), 2 uL GTP (1 mM), ORN1- b from the previous step
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(10 pmol, 119 ng, varying volume depending on the concentration, ~20 ng/uL) and 1 uL of
RtcB ligase (15 uM) were added, filled up with RNase free H;0 to a total volume of 20 uL and
mixed by pipetting. The reaction mixture war incubated for 2 h at 37°C in a thermocycler and

cooled to 4°C before being purified via spin column.

Digestion of ORN1l-c via RNase R. The digestion with RNase R (purchased from
Biozym/Lucigen) was performed in reference to the manufacturer’s protocol with slight
adjustments. To a 0.2 mL PCR vial, 2 uL RNase R buffer (10X, purchased from Biozym/Lucigen),
0.5 uL RNase inhibitor-recombinant (40 U/uL, purchased from Jena Bioscience), ORN1-c
(10 pmol, varying volume depending on the concentration, ~20 ng/uL) and 2 pL of RNase R
(10 U/uL) were added, filled up with RNase free H,0 to a total volume of 20 pL and mixed by
pipetting. The reaction mixture war incubated for 2 h at 37°C in a thermocycler and cooled to

4°C before being purified via spin column.

Simultaneous SPAAC and ligation of ORN1-a and ORN1 with PEG6000. To a 0.2 mL PCR vial,
2 uL RtcB buffer (10X), 2 uL MnClz (10 mM), 2 uL GTP (1 mM), 6.25 pL or 9.8 pL of PEG 6000
(24% solution in H;0, to reach a total concentration of 7.5% or 11.8%), ORN1-a (10 pmol,
1 equiv., varying volume depending on the concentration, ~20 ng/uL), 1 uL ORN2 (10 pmol,
1 equiv., 10 mM in H;0) and 1 uL of RtcB ligase (15 uM) were added, filled up with RNase free
H,O to a total volume of 20 uL and mixed by pipetting. The reaction mixture war incubated

for 2 hat 37°Cin a thermocycler and cooled to 4°C before being purified via spin column.

dPAGE. The samples were analyzed by dPAGE as described in section 6.1. Apart from the
RNase R treated samples, always 40 ng of each sample were loaded onto the gel. The RNase
R treated samples were, after spin column purification, concentrated and loaded entirely onto
the gel to ensure comparable results of the actual sample and the control sample. Before
being loaded onto the gels, all samples were heat denatured at 65°C for 5 min and then quickly

cooled to 4°C. The gels were run at a constant voltage of 150 V for 1.25 h.
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Oligonucleotide sequences

Table S1. Synthetic Oligonucleotides and Primers.

Name Type Sequence (5’ to 3°) Modifications Usage Source / Rationale
AAL Modified- XTA GAT CGG AAG AGC GTC GTG TAG GGA X =5’-Hexynyl-CEP ! Alkyne adapter for 3’- Modification of the oligonucleo-
DNA AAG AGT GTA GAT CTC GGT GGT CGC CGT end click reaction (Cu-  tide “click-adapter” originally de-
ATC ATT AAC) with azido-la- signed by Elrod et al.!
belled cDNA
RTP1 DNA AAG CAG TGG TAT CAA CGC AGA GTA CTT V=A,CG Reverse Transcription Modification of the primer “Oligo-
TTT TTT TTT TTT TTT TTT TTT TTT TTT N=A,CG,T Primer dT30VN?”, as described by Picelli et
TVN al.?
RTP2 DNA CAA GCA GAA GAC GGC ATA CGA TTT TTT V=ACG Reverse Transcription Modification of the primer
TTT TTT TTT TTT TTV N N=A,CG,T Primer “MCAO02”, as described by Han et
al?
RTP3 DNA ACA CTC TTT CCC TAC ACG ACG CTC TTC V=ACG Reverse Transcription The primer “HITS-3"”, as de-
CGA TCT TTT TTT TTT TTT TTT TTT TVN N=ACG,T Primer scribed by Shepard et al.*
RTP4 DNA ATA TGG ATC CGG CGC GCC GTC GAC TTT V=A,CG Reverse Transcription Modification of the primer “Uni-
TTT TTT TTT TTT TTT TTT TTT VN N=ACG,T Primer versal Primer 1’7, as described by
Tang et al.’
RTP5 DNA AAG CAG TGG TAT CAA CGC AGA GTA CTT V=A,CG Reverse Transcription Modification of the primer “3’-
TTT TTT TTT TTT TTT TTT VN N=ACG,T Primer RACE CDS primer A”, as de-
scribed by Shi et al.®
RTP6 DNA GTG ACT GGA GTT CAG ACG TGT TTT TTT V=A,CG Reverse Transcription Modification of the primer “Illu-
TTT TTT TTT TTT TVN N=A,CG,T Primer mina_4N_21T primer”, as de-
scribed by Elrod et al.!
FP1 DNA [PHO] C GAC GCT CTT CCG ATC TAC [PHO] = 5’-phosphate Forward PCR Primer Complementary to AA1
FP2 DNA GAC GCT CTT CCG AIC TAC G n/a Forward PCR Primer Complementary to AA1
FP3 DNA GAC GCT CTT CCG ATC TAC N N=ACG,T Forward PCR Primer Complementary to AA1
RP1 DNA [PHO] AAG CAG TGG TAT CAA CGC AGA GT [PHO] = 5’-phosphate Reverse PCR Primer Complementary to RTP1
RP2 DNA [PHO] CAA GCA GAA GAC GGC ATA CGA [PHO] = 5’-phosphate Reverse PCR Primer Complementary to RTP2
RP3 DNA [PHO] TTC CCT ACA CGA CGC TICT TIC [PHO] = 5’-phosphate Reverse PCR Primer Complementary to RTP3
RP4 DNA [PHO] ATA TGG ATC CGG CGC GC [PHO] = 5’-phosphate Reverse PCR Primer Complementary to RTP4
RP5 DNA [PHO] AAG CAG TGG TAT CAA CGC AG [PHO] = 5’-phosphate Reverse PCR Primer Complementary to RTP5
RP6 DNA [PHO] GTG ACT GGA GTT CAG ACG TGT [PHO] = 5’-phosphate Reverse PCR Primer Complementary to RTP6

[a] Structure of the modification obtained by after synthesis of an oligonucleotide using 5-Hexyn-1-yl-(2-cyanoethyl)-(N, N-
diisopropyl)-phosphoramidite (5’-Hexynyl-CEP) is given below.

?\_\i’—phosphate
o ,©

5’-Hexynyl Modification



Agarose gel images and electropherogram data
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Figure S1. Agarose gel (1.5% w/v in 0.5x TAE buffer) image obtained after electrophoresis (100 V for ca. 1.5 hr) of 1.16 kb
amplicons. PCR products were generated by amplification of eGFP-encoding clicked-cDNA with different candidate forward
PCR primers. Staining was performed with ethidium bromide. In all cases, RTP3 was employed as the reverse transcription
primer, and RP3 as the reverse PCR primer. (i and vi) 1 kb Plus DNA Ladder (formerly 2-Log DNA Ladder) from NEW
ENGLAND BIOLABS. (ii) The PCR product obtained by using FP1 as the forward primer. (iii) The PCR product obtained by
using FP1 as the forward primer, with twice the previous concentration of DNA loaded onto the gel, as compared with (ii). (iv)

The PCR product obtained by using FP2 as the forward primer. (v) The PCR product obtained by using FP3 as the forward
primer.
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Figure S2. Agarose gel (1.5% w/v in 0.5x TAE buffer) image obtained after electrophoresis (100 V for ca. 1.5 hr) of three
dsDNA libraries generated from total RNA (3x technical replicates). PCR products were generated by amplification of clicked-
c¢DNA derived from T Cell Leukemia (Jurkat) Total RNA (THERMOFISHER SCIENTIFIC), and subsequently purified via spin
column. Staining was performed with GelRed® as the dye. (i) 1 kb Plus DNA Ladder (formerly 2-Log DNA Ladder) from
NEW ENGLAND BIOLABS. (ii-iv) dsDNA libraries obtained after reverse transcription using RTP3, followed by PCR with FP3
as the forward primer and RP3 as the reverse primer.
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Figure S3. Representative electropherogram data of a dsDNA library generated from T Cell Leukemia (Jurkat) Total RNA,
before and after preparation for ONT sequencing with a Direct cDNA Sequencing Kit (OXFORD NANOPORE TECHNOLOGIES).
PCR products were generated by amplification of clicked-cDNA derived from T Cell Leukemia (Jurkat) Total RNA (THERMO
FISHER SCIENTIFIC), and subsequently purified via spin column. In all cases, RTP3 was employed as the reverse transcription
primer, RP3 as the reverse PCR primer, and FP3 as the forward primer. Each sample was run on a 4200 TapeStation system
(AGILENT), equipped with High Sensitivity D5000 ScreenTape. (a) Normalised gel view of the TapeStation run. Sample lanes
A1(L), BI1, and C1 correspond to the electropherograms (b), (c) and (d) respectively. (b) High Sensitivity D5000 Ladder
(AGILENT). (c) The electropherogram measured directly after purification of the PCR product via spin column. (d) The elec-
tropherogram measured after size selection, end clean-up, and sequencing adaptor ligation using the Direct cDNA Sequencing

Kit (OXFORD NANOPORE TECHNOLOGIES).
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Map of the plasmid and sequences of the mRNA model system (eGFP)
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Figure S4. Map of the plasmid used in this study to generate the eGFP-encoding mRNA by means of T7 RNA polymerase

reaction. Relevant sequence segments are labelled as depicted.” Graphical visualisation of the annotated plasmid map was
generated and exported using the software SnapGene (DOTMATICS).

57 —GGGCGAACTAGTAAGCAAGGAGGCGTGCAG-GTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGT
CGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCC
TGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTC
AGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTT
CTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGG
GCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCC
GACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTA
CCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAG
ACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTAC
AAGTCCGGCCGGACTCAGATCTCGAGCTCAAGCTTCGAATTGATCCAGATCTTAAGTAAG-GCTCGAGAGCTCGCTTTCTT
GCTGTCCAATTTCTATTAAAGGTTCCTTTGTTCCCTAAGTCCAACTACTAAACTGGGGGATATTATGAAGGGCCTTGAGCATC
TGGATTCTGCCTAATAAAAAACATTTATTTTCATTGCTGCGTCGAGAGCTCGCTTTCTTGCTGTCCAATTTCTATTAAAGGTT
CCTTTGTTCCCTAAGTCCAACTACTAAACTGGGGGATATTATGAAGGGCCTTGAGCATCTGGATTCTGCCTAATAAAAAACAT
TTATTTTCATTGCTGCGTCGAGAGCTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

Figure SS. Sequence of the eGFP-encoding mRNA transcript (5’ to 3”) used as a model system for long-read sequencing in

this study. Structurally relevant sequence segments are colour coded in the following way: The ribosomal binding site in
turquoise; the start codon in green; the stop codon in red; and the poly(A) tail in grey.



5’ -ACACTCTTTCCCTACACGACGCTCTTCCGATCTTTTTTTTTTTTTTTTTTTTAGCTCTCGACGCAGCAATGAAAATAAAT
GTTTTTTATTAGGCAGAATCCAGATGCTCAAGGCCCTTCATAATATCCCCCAGTTTAGTAGTTGGACTTAGGGAACAAAGGAA
CCTTTAATAGAAATTGGACAGCAAGAAAGCGAGCTCTCGACGCAGCAATGAAAATAAATGTTTTTTATTAGGCAGAATCCAGA
TGCTCAAGGCCCTTCATAATATCCCCCAGTTTAGTAGTTGGACTTAGGGAACAAAGGAACCTTTAATAGAAATTGGACAGCAA
GAAAGCGAGCTCTCGAGCTTACTTACTTAAGATCTGGATCAATTCGAAGCTTGAGCTCGAGATCTGAGTCCGGCCGGACTTGT
ACAGCTCGTCCATGCCGAGAGTGATCCCGGCGGCGGTCACGAACTCCAGCAGGACCATGTGATCGCGCTTCTCGTTGGGGTCT
TTGCTCAGGGCGGACTGGGTGCTCAGGTAGTGGTTGTCGGGCAGCAGCACGGGGCCGTCGCCGATGGGGGTGTTCTGCTGGTA
GTGGTCGGCGAGCTGCACGCTGCCGTCCTCGATGTTGTGGCGGATCTTGAAGTTCACCTTGATGCCGTTCTTCTGCTTGTCGG
CCATGATATAGACGTTGTGGCTGTTGTAGTTGTACTCCAGCTTGTGCCCCAGGATGTTGCCGTCCTCCTTGAAGTCGATGCCC
TTCAGCTCGATGCGGTTCACCAGGGTGTCGCCCTCGAACTTCACCTCGGCGCGGGTCTTGTAGTTGCCGTCGTCCTTGAAGAA
GATGGTGCGCTCCTGGACGTAGCCTTCGGGCATGGCGGACTTGAAGAAGTCGTGCTGCTTCATGTGGTCGGGGTAGCGGCTGA
AGCACTGCACGCCGTAGGTCAGGGTGGTCACGAGGGTGGGCCAGGGCACGGGCAGCTTGCCGGTGGTGCAGATGAACTTCAGG
GTCAGCTTGCCGTAGGTGGCATCGCCCTCGCCCTCGCCGGACACGCTGAACTTGTGGCCGTTTACGTCGCCGTCCAGCTCGAC
CAGGATGGGCACCACCCCGGTGAACAGCTCCTCGCCCTTGCTCACCATCTGCACGCCTCCTTGCTTACTAGTTCGCCCEBTAGA
TCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT -3’

Figure S6. Sequence of the cDNA (5’ to 3°) obtained after reverse-transcription and 3’-adapter ligation of the eGFP-encoding
mRNA transcript used as a model system for long-read sequencing in this study. Structurally relevant sequence segments are
colour coded in the following way: The reverse transcription primer (RTP3) in turquoise; the added 3'-Azido-2',3'-ddG nucle-
oside in red; and the clicked adapter oligonucleotide (AA1) in yellow.

5’ -GACGCTCTTCCGATCTABGGGCGAACTAGTAAGCAAGGAGGCGTG...CAGAGNBAAAAAAAAAAAAAAAAAAAAGATCGGA
AGAGCGTCGTGTAGGGAA-3'

Figure S7. Sequence of the double stranded cDNA (5’ to 3°) obtained after PCR amplification of the click-ligated first-strand
cDNA. Structurally relevant sequence segments are colour coded in the following way: The forward amplification primer
(FP3) in yellow; the complementary C nucleotide of the added 3'-Azido-2',3'-ddG in red; and the reverse complementary
sequence to the reverse amplification primer (RP3) in turquoise.

Additional sequencing data analysis and enzyme information
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Figure S8. Base-content at read-ends, generated with FastQC® from Jurkat ONT sequencing data. Individual percentages given
for the first nine bases, averaged percentages for the remaining bins as indicated on the x-axis. Data was truncated after 4999

bases for clarity. a) Read data derived from click chemistry-based library preparation b) Read data derived from standard
library preparation (TS).



Table S2. Enzymes and their respective suppliers, EC numbers, and research usage within in this study.

Enzyme Supplier EC Number Activity
TranscriptAid Enzyme Mix Thermo Fisher Scientific EC2.7.7.6 DNA directed RNA Polymerase
SuperScript™ IV Reverse Transcriptase (200 U/uL) Thermo Fisher Scientific EC2.7.7.49 RNA directed DNA Polymerase

RNaseOUT™ Recombinant Ribonuclease Inhibitor

RNase H (5 U/uL)

RNase A (10 mg/pL)

Terminal deoxynucleotidyl Transferase TdT (20 U/uL)

LongAmp® Taq 2X Master Mix

Thermo Fisher Scientific

New England Biolabs

Thermo Fisher Scientific

Thermo Fisher Scientific

New England Biolabs

not available

EC3.1.26.4

EC3.1.27.5

EC2.7.7.31

EC2.7.7.7

RNase Inhibition

Endoribonuclease

Endoribonuclease

Terminal Deoxynucleotidyl Transferase

DNA Polymerase
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Figure S1. A. dPAGE (15%) analysis of ODN1-d and ODN4_ODN1-b_adduct (I). a) before staining b) after staining with GelRed® Nucleic Acid
Stain. B. dPAGE (15%) analysis of ODN1-b and ODN1-d (Il) a) before staining b) after staining with GelRed® Nucleic Acid Stain.
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Figure S2. A. dPAGE (15%) analysis of T4 PNK reaction on ODN1 (ODN1-a) and ODN2 (ODN2 x T4 PNK), and analysis of subsequent SPAAC
(ODN1-c and ODN2-dye). a) before staining b) after staining with GelRed® Nucleic Acid Stain. B. dPAGE (15%) analysis of ODN-ODN SPAAC
after staining with GelRed® Nucleic Acid Stain.
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Figure S3. dPAGE (15%) analysis of T4 PNK reaction (ORN1-a) and subsequent SPAAC of ORN1 (ORN1-b and ODN3-ORN-a). a) before
staining b) after staining with GelRed® Nucleic Acid Stain.
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Figure S4. dPAGE (15%) analysis of the individual steps from the dual labelling approach with subsequent click reactions. The gel image was
taken after staining with GelRed® Nucleic Acid Stain. Lane 1) Oligo ladder. Lane 2) ODN2 unmodified (17mer). Lane 3) ODN2-b (18mer). Lane
4) ODN2-c (40mer), excess of ODN4 (modified 22 mer) and unreacted ODN2-b. Lane 5) ODN2-d (55mer as DNA-DNA-RNA oligonucleotide
assembly), side product (37mer, ODN4-ORN2, due to the excess of ODN4 and ODN2 (modified 15mer)) with excess of ODN4 (from step iii),
unreacted ODN2-b (from step ii) and excess of ORN2 (from step vi). Detailed information of the individual steps is provided in section 3.5.3.
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Figure S5. 10% dPAGE of circularisation approach of ODN5. The gel image was taken after staining with GelRed® Nucleic Acid Stain. Lane
1) Oligo ladder. Lane 2) ODN5 (100mer) with a smaller MW- impurity from SPS. Lane 3) ODNS5 digested with Mspl as described in step VI.
Lane 4) ODN5-a,b digested with Mspl as described in step IV. Lane 5) ODN5-a,b (step Ill). Detailed information of the individual steps is
provided in section 3.5.3.



2. Supplementary Tables

Table S1: Sequence of synthetic oligonucleotides. ODN3, 4, 5, 6 and ORN1-2 were purchased from Ella Biotech GmbH.

Name

ODN1

ODN2

ODN3

ODN4

ODN5

ODNG6

ORN1

ORN2

Type

DNA

DNA

modified
DNA

modified
DNA

DNA

DNA

RNA

modified
RNA

Sequence (5'to 3')

GCC ATA GCG ATA GCG ATA CGC ACA CCC GGT CCT CCT AAT
TTAT

GGT CGC CGT ATC ATT AT

TGG TAT CGC TAT CGC TAT GGC X

TTG GTATCG CTATCG CTATGG Z

GCT AGA TCG GAA GAG CGT CGG GCA GTA CAT CGATCG TAT
ATA CGC ACA CCC GGT CCT CCT GTC GCATCAATC GTATCA
TCC GAC GCTCTT CCG ATCTAGC

AGG AGG ACC GGG TGT GCG TAT

UUG GUA UCG CUA UCG CUA UGG

YGU AUC GCU AUC GCU A

Modifications

X = 3-DBCO [

Z= 3'-Azido-Methyl dCIb]

Y=5-DBCO €]
3' = phosphate

Length (nt)

43

17

21

22

100

21

21

15

[a] Structure of the modification X is given below.

3'-end
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X= 3-DBCO

[b] Structure of the modification Z is given below.

[c] Structure of the modification Y is given below. Q
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Table S2. MALDI-TOF analysis of ODN2 after T4 PNK catalyzed 5'-end labelling reaction with compound 2 and 3. The resulting spectra,
indicating the m/z values of the phosphorylated product (5'-PHO-ODN2) only, suggest that the y-modifications are not present in the SSDNA
product.

5"PHO'ODN2 100 _ 5278 -
Sequence: 5'-PHO-GGT CGC CGT ATC ATT AT-3'
35
o o o [Ms-pro-2H+Na] m/z calcd. 5277.36 <
///\H*'F."‘O"Ff‘o"ﬁ;‘ Ad found 5278.02 2 501
o o o S
2 . A
0 T 1
5000 6000
m/z
5"PHO'0DN2 100 - 5279_
Sequence: 5'-PHO-GGT CGC CGT ATC ATT AT-3'
El
o
[Ms-pHo-2H+Na]- m/z calcd. 5277.36 =
/\(’O\A\N—P—o—g—o—g—;\d found 5279.77 ? 50
& 3
3 E
0 _Mm
5000 6000
m/z

Ad = 5’-adenosine



Table S3: Conversion yield [%)] of 5'-end labelling of ODN1 with y-phosphate modified ATPS. RTopn1 nz-ethy-pHo=0DN1-a, R Topna_propargyl-PHO=0DN1-b
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Table S4. Analytical RP-HPL chromatograms of T4 PNK reaction with compound 9 on ODN1 (0% PEG) and subsequent SPAAC with DBCO-
Sulfo-Cy3. . RTopn1_Nz-ethyl-PHO=0DN1-a,
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Table S5. MALDI-TOF analysis of ODN2, 3'-end and 5'-end labelled ODN2 respectively and dually labelled ODN2 (ODN2-b).

ODN2 (unmodified)

100 - 5199-
Sequence: 5'-GGT CGC CGT ATC ATT AT-3'
Fragments: ::
[M-2H+Na]" m/z calcd. 5197.38 _; 50 -
found 5198.54 i
QD
£ 5236
[M-3H+Na+K] m/z calcd. 5235.47
found 5235.95 0 -
5000 6000
m/z
ODNZ2_5'-propargyl-PHO 100 - 5319
Sequence: 5'-propargyl-PHO-GGT CGC CGT ATC ATT AT-3'
—_ 5281
Fragments: :
[M-2H+Na]" m/z calcd. 5315.41 ; 50 .
found 5318.87 @
D
[Ms_pro-2H+Na]- m/z calcd. 5277.36 =
found 5280.81
0
5000 6000
m/z
ODN2-a 100 - 5563
Sequence: 5'-GGT CGC CGT ATC ATT AT-G_N3-3'
’;‘
Fragments: 8
[M-2H+Na]- m/z calcd. 5551.60 2 50
found 5553.29 2
Q
[M-3H+Na+K] m/z calcd. 5589.69 =
found 5590.87 04
50
ODN2-b and 5'-PHO-ODN2-a 100 -
Sequence: 5'-propargyl-PHO-GGT CGC CGT ATC ATT AT- G_N3-3'
Fragments: :
[M-2H+Na]- m/z calcd. 5669.63 > 50 -
found 5671.49 @
2
£
[Ms-pHo-2H+Na]" m/z calcd. 5631.58
found 5633.27 0




3. Supplementary Methods

3.1 General experimental methods

Materials and methods. Chemicals were purchased from Sigma-Aldrich/Merck, BroadPharm, ABCR,
Acros Organics or VWR and were used without further purification. Solvents were of reagent grade or
purchased in septum-sealed bottles stored under an inert atmosphere. Unless otherwise specified, all
reactions were magnetically stirred under a positive pressure of Argon (Ar). Reactions and
chromatography fractions were monitored by qualitative thin-layer chromatography (TLC) on silica gel
F254 TLC plates from Merck KGaA and visualised by UV illumination or monitored by analytical RP-
HPLC (see analytical and preparative RP HPLC). Dialysis membrane Spectra/Por® Biotech CE MWCO
100-500 Da (10 mm surface width) was purchased from Repligen and used as received.

Nuclear magnetic resonance (NMR). NMR spectra were recorded on a Bruker Avance IIl HD 400
(400 MHz), Bruker Avance Neo (500 MHz) or Bruker Avance Il (800 MHz) spectrometers. *H NMR shifts
were calibrated to their residual protons of the deuterated solvent: CD,HOD (3.31 ppm), D20 (4.79 ppm).
13C NMR shifts were calibrated to the residual solvent: CD3OD (49.00 ppm). The chemical shifts (3) are
given in ppm, the coupling constants (J) in Hz. Multiples are abbreviated as follows: s= singlet, d=
doublet, t= triplet, g= quartet, dd= doublet of doublets, m= multiplet. The numbering in the assignments
does not follow IUPAC rules and neither residual solvent signals nor tris-triethylammonium salt signals
(TEAA buffer from RP-HPLC purification: quartet around 2.90-3.20 ppm, singlet around 1.90 ppm and
triplet around 1.20-1.30 ppm) have been assigned for clarity. All NMR spectra were analysed using the
software MestReNova 14.1.1 from Mestrelab Research S. L.

Mass Spectrometry (MS). High resolution mass spectra (HRMS (ESI)) were recorded by the analytical
section of the Department of Chemistry of the Ludwig-Maximilians-Universitdt Minchen on a MAT 90
(ESI) spectrometer from Thermo Finnigan GmbH. Matrix-assisted laser desorption/ionization-time-of-
flight (MALDI-TOF) mass spectra were recorded on an autoflex® maX. Before MALDI-TOF MS, the
samples (2 pL) were desalted on a 0.025 uM VSWP filter (Millipore) and 1 pL of the desalted sample
was applied to a stainless-steel sample plate using dried droplet method with a 3-hydroxypicolinic acid
matrix (1 pL, HPA: 25 mg 3-hydroxypicolinic acid, 5 mg ammonium citrate, 5 uL 15-crown-5 in 0.5 mL
H.O/MeCN= 1:1). The obtained spectra were analysed with FlexAnalysis 3.4 from Bruker Daltonics and
processed with Affinity Designer.

Reversed-Phase High-Performance Liquid Chromatography (RP-HPLC). Semi-preparative RP-
HPLC was performed on a 1260 Infinity || Manual Preparative LC System from Agilent (Agilent Infinity II
12260 VWD: G7114A) equipped with the column VP 250/10 Nucleodur 100-5 C18 ec from Macherey-
Nagel. A flow rate of 5 mL/min with varying gradients between 0-10% and 0-60% of buffer B over 45 min
was applied for purification. The following buffer system was used: buffer A: 100 mM NEts/HOAc (pH
7.0) in H2O and buffer B: 100 mM in NEtz/HOACc (pH 7.0) 80% (v/v) acetonitrile. Analytical RP-HPLC was
performed on a Waters Alliance (2695 Separation Module, 2998 Photodiode Array Detector) equipped
with a XBridge® Oligonucleotide BEH C18 Column (30 A, 2.5 um, 2.1 mm x 50 mm) using a flow rate of
1.5 mL and the same buffer system as mentioned above. Unless otherwise specified, varying gradients,
between 0-10% and 0-60% buffer B from 0 — 8 min, followed by 10-85% up to 60-85% buffer B from 8
— 10 min, were applied.

Determination of ATP and oligonucleotide concentrations. The absorbance of ATP
tetrabutylammonium salt, y-phosphate modified ATP analogues and synthesised oligonucleotides was
measured at 260 nm using an Implen NanoPhotometer® P300. The extinction coefficients (g) of the
oligonucleotides were calculated using the OligoAnalyzer™ Tool from Integrated DNA Technologies. For
ATP tetrabutylammonium salt and for compounds 4 - 8 an assumed extinction coefficient of € =15400 L
mol™ cm™ was applied, as these modifications are not expected to substantially alter the absorption
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properties of unmodified ATP. The concentrations of the oligonucleotides and ATP were further
calculated via Beer-Lambert law.

Denaturing Polyacrylamide Gel Electrophoresis (dPAGE) Analysis. Unmodified RP-HPLC purified
oligonucleotides and spin column purified oligonucleotide products after T4 PNK-catalysed labelling
(section 5) were separated by either 10 or 15% denaturing urea (7 M) polyacrylamide gel electrophoresis
in Tris-Borate-EDTA (TBE) buffer (1X: 0.13 mM tris, pH 7.6, 45 mM boric acid, 2.5 mM EDTA) at constant
voltage (150 or 200 V) for 40 min - 1.5 h. The gels were stained for 30 min using GelRed® Nucleic Acid
Stain (Millipore) according to the manufacturers protocol. The bands were detected on Gel Doc™ EZ
Imager (Bio-Rad) using a UV Sample Tray (#1708271MP from Bio-Rad) and analysed with Image Lab™
software. Single-stranded DNA oligo length standard (10/60 ladder) was purchased from Integrated DNA
Technologies, microRNA marker was purchased from New England Biolabs. RNA loading dye (2X) was
purchased from Thermo Fisher Scientific.

3.2 Synthesis and Characterization of y-phosphate modified ATP analogues

General procedure 1

Conversion of ATP disodium salt into ATP tetrabutylammonium salt. For the synthesis of y-O-linked ATP
analogues via alkylation of the y-phosphate, reported by Hacker et al. the ATP disodium salt needs to
be converted into its tetrabutylammonium salt to guarantee strictly anhydrous conditions. ! Therefore,
4 g Chelex® 100 sodium form was resuspended in 20 mL H»O, transferred into a glass column and
washed with 500 mL H;O. Then 10 g tetrabutylammonium bromide was dissolved in 100 mL H:0O,
flushed through the column and washed with 500 mL H>O. Subsequently, 300-550 pmol of ATP disodium
salt were diluted in 10 mL H20, and applied to the column. The column was washed with ca. 90mL H>O
and fractions of 5 mL were collected and identified by spotting on TLC plates and visualization via UV
lamp. The fractions containing the nucleotide were combined and evaporated under reduced pressure.
The residue was dissolved in 10 mL H>O and the absorbance of an aliquot of a 1:10 dilution at 260 nm
was measured. Until further usage the nucleotide solution was stored at -20°C.

General procedure 2

Syntheses of y-O linked ATP analogues were performed in reference to Hacker et al. with adjustments.*
2 Therefore, 100-300 pmol of ATP BusN* salt was evaporated under reduced pressure, dissolved in 5 mL
anhydrous DMF and evaporated under reduced pressure. This step was repeated two times and the
residue was dried on high vacuum overnight. Further, 2.7 - 6.0 equiv. of alkylating agent was dissolved
in 2-6 mL anhydrous DMF, 1-2 g oven-dried 4 A molecular sieves were added and stirred at room
temperature overnight under Argon atmosphere. The next day the dried nucleotide was dissolved in 2-
6 mL anhydrous DMF, flushed with Argon and equipped with a septum and Argon balloon in order to
guarantee anhydrous conditions. Subsequently, the alkylating agent in DMF was added dropwise, under
rigorous stirring, to the ATP solution and stirred overnight at room temperature (r.t.). Reaction control
was performed via analytical RP-HPLC. Unless further conversion was observed, the solvent was
evaporated under reduced pressure. The residue was dissolved in 10 mL HPLC grade H,O and
centrifuged (Hermle Labortechnik Centrifuge Z 206A) at 6000 rpm for 10 min at r.t. The supernatant was
purified two to three times via semi-preparative RP-HPLC. The product fractions were identified by ESI-
MS and freeze dried. Since T4 PNK is inhibited by ammonium ions B4 the y-O linked ATP tris-
triethylammonium salts were, unless further specified, transferred into their sodium salt by precipitation
(General procedure 4). The conversion yield [%] of the isolated ATP analogues was determined by
analytical RP-HPLC.

General procedure 3

Syntheses of y-N linked ATP analogues were performed in reference to Serdjukov et al. with
adjustments. Therefore, in a 1.5 mL reaction tube, ATP disodium salt hydrate (20.0 mg, 36.29 pmol,
1.0 equiv.) was dissolved in H,O (170-363 pL), followed by the addition of EDC*HCI (34.8 mg, 181.4
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pmol, 5.0 eq.). The reaction was mixed on a thermomixer at 25°C for 30 min (600 rpm). Then, the amine
(5.0 equiv.) dissolved either in H2O, or in DMF, was added dropwise to the reaction mixture and mixed
for further 18 h (25°C, 600 rpm). Reaction control was performed via analytical RP-HPLC. The solvent
was evaporated under reduced pressure and the residue was purified via semi-preparative RP-HPLC to
yield the tris-triethylammonium salts of the y-nitrogen linked ATP analogues. The conversion yield [%] of
the isolated ATP analogues was determined by analytical RP-HPLC.

For the 5'-end labelling reactions the nucleotide tris-triethylammonium salts were converted into their
sodium salts by ion exchange (Chelex® 100 sodium form), followed by 12 h of dialysis.

General procedure 4

Conversion of y-modified ATP tris-triethylammonium salt to sodium salt was either performed by ion
exchange (Chelex® 100 sodium form), followed by 12 h of dialysis, or by precipitation. For the
precipitation the lyophilized ATP tris-triethylammonium salt (ca. 2 mg) was dissolved in 200 uL HPLC
grade MeOH and added dropwise solution of anhydrous NaClO, in HPLC grade acetone (32 mg in
1.8 mL). A colourless solid precipitated after the mixture was stored in the -20°C fridge for ca. 30 min.
The supernatant was removed and the pellet was washed three times with 1 mL HPLC grade acetone.
The final colourless solid was dried in high vacuum.
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Synthesis of y-propargylamino-ATP (2)

NH,
N BN
N
o/
o o o9 AL
N Rm0-P-0-p-0
o O O o

OH OH

The synthesis of compound 2 was performed with propargylamine (9.9 mg, 181.4 umol, 5.0 equiv.)
dissolved in 57 uL DMF as describes in general procedure 3. RP-HPLC purification afforded the tris-
triethylammonium salt of 2 as a colourless oil after lyophilization (97%).

H NMR (400 MHz, D;0): & 8.51 (s, 1H, H2), 8.23 (s, 1H, H8), 6.12 (d, J = 6.1 Hz, 1H, H1’), 4.77 — 4.75
(m, 1H, overlapping with HOD, H2’), 4.59 — 4.51 (m, 1H, H3’), 4.40 — 4.33 (m, 1H, H4’), 4.25 - 4.14 (m,
2H, H5’), 3.62 (d, J = 10.0, 2.4 Hz, 2H, CH,), 2.42 (t, J = 2.5 Hz, 1H, CH). *C NMR {*H} (101 MHz, D;0)
0 155.58, 152.76, 149.13, 139.80, 119.92, 86.56, 84.04, 82.66, 74.17, 71.10, 70.32, 65.10, 27.84. 3P
{*H} NMR (162 MHz, D;0) & -2.93 (d, J = 20.7 Hz, 1P, y), -11.56 (d, J = 20.3 Hz, 1P, a), -23.08 (t, J =
20.1 Hz, 1P, B).

HRMS (ESI): calculated for C13H1sNgO12P3” [M-H]~ : 543.0201; found: 543.0203
Analytical RP-HPLC (gradient: 0-5%Buffer B*) R= 6.792 min

* 0-5% Buffer B from 0 — 10 min, followed by 5-25% from 10 —10.5 min

Synthesis of y-11-azido-2,6,9-trioxaundecan-1-amino-ATP (3)

NH,
N X
N
4
o o8 9 9 SAS
NS/\/ \/\O/\/ \/\H_ﬁy_o_ﬁw_o_l_o
o o0 : o
OH OH

The synthesis of compound 3 was performed with 2-{2-[2-(2-Azidoethoxy)ethoxy]ethoxy}ethylamine
(39.6 mg, 181.4 umol, 5.0 eq.) dissolved in 170 pL DMF as describes in general procedure 3. RP-HPLC
purification afforded the tris-triethylammonium salt of 3 as a colourless oil after lyophilization (48%).

'H NMR (400 MHz, D,0) & 8.53 (s, 1H, H2), 8.25 (s, 1H, H8), 6.12 (d, J = 6.2 Hz, 1H, H1’), 4.77 — 4.75
(m, 1H, overlapping with HOD, H2’), 4.63 — 4.49 (m, 1H, H3’), 4.45 - 4.31 (m, 1H, H4’), 4.33 - 4.12 (m,
2H, H5'), 3.76 — 3.44 (m, 16H, 8xCH,). 13C NMR {*H} and 3 P NMR {*H} according to Lee et al..

HRMS (ESI): calculated for C1gH31NgO15P3s" [M-H] : 706.1158; found: 706.11587
Analytical RP-HPLC (gradient: 0-30% buffer B) R; = 4.205 min
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Synthesis of y-propargyl-ATP (4)

NH,
N X
N
4
o o o9 WA
&~ ~0-P-0-P-0-P-0
o O O o
OH OH

The synthesis of compound 4 was performed with ATP tetrabutylammonium salt (123.2 mg, 100 umol,
1 equiv.), and propargyl p-toluenesulfonate (110.7 mg, 500 pumol, 5.0 equiv.) as described in general
procedure 1 and 2. RP-HPLC purification afforded the tris-triethylammonium salt of 4 which was further
transferred to its sodium salt (general procedure 4) and isolated as a colourless solid after lyophilization
(64%).

H NMR (500 MHz, MeOD) & 8.64 (s, 1H, H2), 8.19 (s, 1H, H8), 6.11 (d, J=5.6 Hz, 1H, H1’), 4.72 — 4.63
(m, 3H, H2", CHy), 4.58 — 4.53 (m, 1H, H3’), 4.31 —4.17 (m, 3H, H4’, H5’), 2.75 (t, J = 2.5 Hz, 1H, CH).
13C {1H} NMR (201 MHz, MeOD) & 152.33, 139.54, 87.47, 84.23, 75.04, 70.48, 64.91, 53.37 (measured
via HSQC experiment)

31p {*H} NMR (202 MHz, MeOD) & -10.14 (d, J = 17.5 Hz, 1P, y), -10.33 (d, J = 17.5 Hz, 1P, a), -20.40
(t, J = 17.5 Hz, 1P, B).

HRMS (ESI): calculated for C13H1sNsNa>O13Ps [M-3H+2Na] : 587.9680; found: 587.9681
Analytical RP-HPLC (gradient: 0-10% buffer B) R; = 3.658 min

Synthesis of y-butynyl-ATP (5)

NH»

AN

N
72

0 N Q < |N/)

0-P-0-P-0-P-0
Z 6 & & Lo

OH OH

The synthesis of compound 5 was performed with ATP tetrabutylammonium salt (369.5 mg, 300 pumol,
1 equiv.), and 3-butynyl p-toluenesulfonate (403.7 mg, 1.80 mmol, 6 equiv.) as described in general
procedure 1 and 2. RP-HPLC purification afforded the tris-triethylammonium salt of 5 which was further
transferred to its sodium salt (general procedure 4) and isolated as a colourless solid after lyophilization
(15%).

IH NMR (500 MHz, MeOD) & 8.62 (s, 1H, H2), 8.17 (s, 1H, H8), 6.10 (d, J = 5.1 Hz, 1H, H1’), 4.67 — 4.61
(m, 1H, H2"), 4.55 — 4.49 (m, 1H, H3’), 4.29 — 4.20 (m, 3H, H4’, H5’), 4.07 — 3.99 (m, 2H, CH,-O-P), 2.56
—2.48 (m, 2H, CH,), 2.20 (t, J = 2.7 Hz, 1H, CH). 13C {*H} NMR (201 MHz, MeOD) & 157.29, 153.71,
150.71, 141.60, 120.18, 89.19, 81.49, 76.51, 71.81, 70.70, 66.30, 65.28, 21.39, 21.35. 3'P {*H} NMR
(202 MHz, MeOD) & -9.60 (d, J = 16.1 Hz, 1P, y), -9.72 (d, J = 16.1 Hz, 1P, a), -19.50 (t, J = 16.0 Hz,
1P, B).

HRMS (ESI): calculated for C14H17NsNa>O13P3 [M-3H+2Na] : 601.9837; found: 601.9835
Analytical RP-HPLC (gradient: 0-10% buffer B) R; = 4.681 min
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Synthesis of y-octynyl-ATP (6) NH,

OH OH

The synthesis of compound 6 was performed with ATP tetrabutylammonium salt (123.2 mg, 100 pumol,
1 equiv.), and 8-bromooct-1-yne (60.1 mg, 318 umol, 3.18 equiv.) as described in general procedure 1
and 2. RP-HPLC purification afforded the tris-triethylammonium salt of 6 which was further transferred
to its sodium salt (general procedure 4) and isolated as a colourless solid after lyophilization (68%).

IH NMR (500 MHz, MeOD) & 8.64 (s, 1H, H2), 8.16 (s, 1H, H8), 6.09 (d, J = 5.0 Hz, 1H, H1’), 4.70 — 4.57
(m, 1H, H2’), 4.55 — 4.50 (m, 1H, H3’), 4.29 — 4.21 (m, 3H, H4’, H5), 3.95 — 3.87 (m, 2H, CH,-O-P), 2.18
—2.08 (M, 3H, CH,, CH), 1.59 — 1.52 (m, 2H, CHy), 1.44 — 1.28 (m, 6H, 3xCHy). 1*C {*H} NMR (201 MHz,
MeOD) & 157.29, 153.71, 150.69, 141.67, 120.16, 89.20, 85.48, 85.06, 76.57, 71.81, 69.36, 67.19,
66.27, 31.59, 29.69, 29.56, 26.32, 18.95. 3P {*H} NMR (202 MHz, MeOD) & -8.92 (d, J = 15.9 Hz, 1P,
y), -9.65 (d, J = 15.9 Hz, 1P, ), -19.30 (t, J = 16.0 Hz, 1P, B).

HRMS (ESI): calculated for C1gH2sNsNa2O13P3s [M-3H+2Na]: 658.0463; found: 658.0465
Analytical RP-HPLC (gradient: 0-30% buffer B) R; = 5.492 min
Synthesis of y-(2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)-ATP (7)
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The synthesis of compound 7 was performed with ATP tetrabutylammonium salt (123.2 mg, 100 pmol,
1 equiv.), and l-azido-2-[2-[2-(2-bromoethoxy)ethoxy]ethoxy]ethane (75.0 mg, 265.8 umol, 2.66 equiv.)
as described in general procedure 1 and 2. RP-HPLC purification afforded the tris-triethylammonium salt
of 7 which was further transferred to its sodium salt (general procedure 4) and isolated as a colourless
solid after lyophilization (46%).

IH NMR (500 MHz, D-0) & 8.50 (s, 1H, H2), 8.22 (s, 1H, H8), 6.10 (d, J = 6.2 Hz, 1H, H1’), 4.74 (dd, J =
6.1, 5.2 Hz, 1H, H2'), 4.54 — 4.51 (m, 1H, H3’), 4.38 — 4.31 (m, 1H, H4’), 4.23 — 4.16 (m, 2H, H5'), 4.05
—3.99 (M, 2H, CH»-O-P), 3.66 — 3.61 (M, 4H, 2xCH,), 3.61 — 3.56 (M, 8H, 4xCH,), 3.43 (t, J = 4.7 Hz,
2H, CH2-N3). 3P {*H} NMR (202 MHz, D;0) & -11.13 (d, J = 19.0 Hz, 1P, y), -11.48 (d, J = 19.0 Hz, 1P,
a), -23.21 (t, J = 19.2 Hz, 1P, B).

HRMS (ESI): calculated for C1gH2sNsNa>O16P3s [M-3H+2Na]: 751.0637; found: 751.0631
Analytical RP-HPLC (gradient: 0-30% buffer B) R; = 4.340 min
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Synthesis of y-[(propargyl)-thio]-ATP (8)
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O O O 0
OH OH

The synthesis of compound 8 was performed in reference to Espinasse et al. with adjustments.!”!
Therefore, ATPyS tetra lithium salt (0.72 mg, 1.32 umol, 1.0 equiv.) was dissolved in 1.5 mL D-O and
25 pL anhydrous DMF and stirred for 1 min. Then NaHCO3; (0.70 mg, 8.33 pumol, 6.3 equiv.) was added
to the reaction mixture and stirred for further 2 min, followed by the addition of propargyl bromide (0.53
mg, 4.47 ymol, 3.4 equiv.). The reaction mixture was stirred at room temperature overnight. Upon
completion of the product conversion, monitored via analytical RP-HPLC, the solvent was evaporated
and the residue was dissolved in 10 mL H.O, filtered and purified two times via RP-HPLC. The tris-
triethylammonium salt of 8 which was further transferred to its sodium salt (general procedure 4) and
isolated as a colourless solid after lyophilization (96%).

IH NMR (500 MHz, D20) & 8.50 (s, 1H, H2), 8.21 (s, 1H, H8), 6.11 (d, J = 6.0 Hz, 1H, H1’), 4.76 (t, J =
5.5 Hz, 1H, H2"), 4.60 — 4.50 (m, 1H, H3"), 4.40 — 4.34 (m, 1H, H4), 4.32 — 4.14 (m, 2H, H5"), 3.51 (d, J
= 12.4 Hz, 2H, CH,-S-P). 3C {*H} NMR (201 MHz, MeOD) & 154.26, 151.43, 147.74, 138.43, 117.28,
85.30, 82.55, 72.88, 68.98, 63.85, 21.82, 16.51, 16.49. 3P {*H} NMR (202 MHz, D,0) & 6.66 (d, J = 26.3
Hz, 1P, y), -11.56 (d, J = 19.5 Hz, 1P, a), -23.87 (dd, J = 26.4, 19.4 Hz, 1P, ).

HRMS (ESI): calculated for C13H1sNsNa2012P3S™ [M-3H+2Na] : 603.9452; found: 603.9453
Analytical RP-HPLC (gradient: 0-10% Buffer B) R; = 4.821 min
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3.3 Synthesis and Characterization of unmodified DNA Oligonucleotides

Unmodified oligonucleotides were synthesised on 1 pmol scale using DNA SynBase™ CPG 1000/110
(purchased from Link Technologies Ltd) as solid supports on an automated DNA synthesizer (K&A H-8
SE Oligo-Synthesizer) with standard phosphoramidite chemistry. Phosphoramidites (DMT-dA(bz), DMT-
dC(ac), dmf-dG-CE, DMT-dT) were purchased from LinkTech and Sigma-Aldrich. The coupling efficiency
was monitored with a trityl monitor. For the synthesis, DCA in CH2Cl, was employed as deblocking agent,
Activator42® as an activator, Ac,O in pyridine/THF as capping reagent and I, as oxidizer in pyridine/H-0.
The cleavage and deprotection of the CPG bound oligonucleotides was carried out by treating the solid
support with 1 mL of AMA solution (30% NH,OH/ 40% aqueous MeNH3, 1:1 v/v). The suspension was
heated on a thermoshaker for 20 min at 65°C and subsequently the supernatant was collected, and the
beads were washed with water (3x0.5 mL). The combined aqueous solutions were concentrated under
reduced pressure at 30°C using a SpeedVac concentrator (Savant™ SpeedVac™ SPD120 Vacuum
Concentrator) and the remaining residue was lyophilized (CHRIST alpha 2-4 LD). Further, the
oligonucleotides were purified by semi-preparative RP-HPLC as described in section 3.1, where a
gradient of 0-50% of buffer B over 45 min was applied. The purified oligonucleotides were analysed by
analytical RP-HPLC, as described in section 3.1, where a gradient of 0-30% buffer B from 0 — 8 min,
followed by 30-85% buffer B from 8 — 10 min was applied. The absorbance of the oligonucleotides was
measured at 260 nm using an Implen NanoPhotometer® P300. The extinction coefficients (g) of the
oligonucleotides were calculated using the OligoAnalyzer™ Tool from Integrated DNA Technologies. The
concentrations of the oligonucleotides were calculated via Beer-Lambert law. The structural integrity of
the synthesised oligonucleotides was determined by MALDI-TOF mass measurements as described in
section 3.1.

Table S7. left) HPL-chromatograms. right) MALDI-TOF mass spectra (negative mode) of the purified oligonucleotides.

Sequence: ODN2 [M-2H+Na]" m/z calcd. 5197.38
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Sequence: ODN1 [M-H] m/z calcd. 13106.53
5'-GCC ATA GCG ATA GCG ATA CGC ACA CCC GGT CCT CCTAAT TTAT- 3 found 13103.33
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3.4 T4 PNK catalysed 5'-end labelling reactions

5'-end labelling via T4 PNK without PEG: DNA or RNA oligonucleotides (5 pL, 10 uM, 50 pmol, 1 equiv.)
in RNase free H,0, were heat denatured at 70 °C for 5 min and then immediately put on ice. After 5 min
of cooling, T4 PNK buffer (5 uL, 10X reaction buffer A, purchased from Thermo Scientific™), y-modified
ATP analogue (5 pL, 10 mM in H2O, 50 nmol, 1000 equiv.) and T4 PNK (5 pL, 10U/uL, purchased from
Thermo Scientific™) were added. The reaction mixture (50 pL total volume) was mixed by pipetting and
incubated at 37°C for 3 h.

Purifications of T4 PNK reactions were performed using the Oligo Clean & Concentrator Kit from Zymo
Research. The concentrations of the purified samples were determined on a Qubit 4 Fluorometer using
the Qubit™ ssDNA Assay-Kit.

3.4.1 Quantification of T4 PNK catalysed labelling reactions via analytical RP-HPLC

Analytical RP-HPLC was performed as described in section 3.1 and for consistency of analysis always
one 50 pL purified T4 PNK reaction (50 pmol of oligonucleotide) was injected. For quantification the
peaks of unmodified and labelled oligonucleotide were integrated. The absorbance maximum for
unmodified and 5'-end labelled oligonucleotide was assumed to be identical, for the purposes of this
investigation. It was taken into account that the unmodified and 5'-labelled oligonucleotides have the
same extinction coefficients (¢), since additional y-modified phosphates (PHO) are not expected to
substantially alter the absorption properties of 5'-end labelled oligonucleotides.

3.4.2 Impact of PEG on substrate conversion

For analysis of the impact of PEG6000 as molecular crowding agent varying concentrations (0, 2.5, 5,
7.5, 10% in total) of PEG6000 were added as 24% (w/v) solution (purchased from Thermo Scientific™)
to the 5'-end labelling reactions. Therefore, ODN1 (5 uL, 10 uM, 50 pmol) in RNase free H,0, was heat
denatured at 70 °C for 5 min and then immediately put on ice. After 5 min of cooling, PEG6000 (0, 5.2,
10.4, 15.6 or 20.8 pL of 24% solution), T4 PNK buffer (10X reaction buffer A), compound 9 (5 pL, 10 mM
in H20, 50 nmol, 1000 equiv., purchased from Jena Bioscience) and T4 PNK (5 pL, 10U/uL) were added.
The reaction mixtures (50 pL total volume) were mixed by pipetting and incubated at 37°C for 3 h. The
purifications and subsequent analytical RP-HPLC analysis were performed as described in section 3.1.
The results and relevant RP-HPL chromatograms can be taken from Table S8. The T4 PNK catalysed
5'-end labelling reaction is displayed in Scheme S1.

NH,
N B
N
<
Nen @ 9 9 NN TaPNK 0
3 0-P-0-P-0-P-0 o/ \/\ 0-10% PEG6000 Naee~a_ b~ NS\
OH OH OH 0 * 3 h. 37°C O_I?_O
; OH
OH OH
ODN1 ODN1_Nj-ethyl-PHO

Scheme S1. T4 PNK catalysed 5'-azido labelling of an oligodeoxyribonucleotide (ODN1).
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Table S8. Impact of PEG6000 [%)] on substrate conversion. RTopni_ns-ethy-pHo= RTobni-a
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Table S9. As proof of concept for the peak assignment, 5 pL of 10 uM ODNL1 were spiked to a the purified 50 pL T4 PNK reaction, using
compound 9 as substrate, with 5% PEG6000. Analytical RP-HPLC analysis as proof of concept for peak assignment. RTopni_nz-ethyl-pPHO=0DN1-a

sample Analytical RP-HPL chromatogram (gradient: 0-30% buffer B)
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3.4.3 Screening of y-phosphate modified ATP analogues

For the screening of y-phosphate modified ATP analogues, the protocol for the T4 PNK catalysed 5'-end
labelling reaction described in section 3.4.2 with 5% PEG6000 solution (10.2 uL of 24% solution) and
ODN1 was applied for all substrates (compounds 2-10). The purification and subsequent RP-HPLC
analysis was performed as described in section 5 (Table S3). Compounds 3, 5, 6, 7 and 8 were
synthesised as described in section 2, compounds 2 and 4 were either synthesised or purchased from
Jena Bioscience and compounds 9 and 10 were purchased from Jena Bioscience.
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3.5 Click reactions with 5-end labelled oligonucleotides

3.5.1 Cu(l) catalysed azide-alkyne cycloaddition (CUAAC)

The T4 PNK catalysed 5'-end labelling reaction with propargyl-O-ATP (compound 4) as substrate was
performed as described in section 3.4.2 with ODN1 (50 pmol). The purification and determination of
concentration were performed as described in section 3.1. The Cu(l) source for the CUAAC was either a
heterogeneous reactor catalyst system (baseclick GmbH) (1)) or CuSO4*5H,0 (ll)).

Oligo-dye CuAAC: I) CuAAC between 5'-end propargyl-PHO labelled ODN1 and a fluorescent dye
(Scheme S2) was prepared by mixing the following components in a 1.5 mL tube: 5-end propargyl-PHO
labelled ODN1 (15 pL, 37 pmol, 1 equiv.) was mixed with 3 pL of activator solution (10X: 8 mM THPTA,
200 mM MgCl*6H20 in 50% DMSO/50% H.O (v/v)) and 3.7 puL of Sulfo-Cy3-Azide (1 mM in H20,
3.7 nmol, 100 equiv., purchased from Jena Bioscience). Afterwards, 2 pellets of the heterogeneous
catalyst and 8.3 pL nuclease-free H,O, to reach a final volume of 30 uL, were added, mixed and the click
reaction was performed on a thermomixer at 45°C for 1.5 h at 600 rpm. Afterwards the supernatant was
removed, the catalyst pellets were washed two times with 20 uL nuclease-free H,O, combined with the
supernatant and purified as described in section 3.1. The purified product was analysed via dPAGE
(section 1) and imaged before and after staining with GelRed® Nucleic Acid Stain (Figure S1A). Il) 5'-
end propargyl-PHO labelled ODN1 (7 uL, 116.5 pmol, 1 equiv.) was added to 22.1 pL degassed catalytic
solution, containing THPTA (16.1 pL of 20 mM in H>O, 161 nmol, 1382 equiv.), sodium ascorbate (3 pL
of 100 mM in H20, 300 nmol, 2575 equiv.) and CuSO4*5H20 (3 pL of 10 mM in H20, 30.0 nmol, 257.5
equiv.) and mixed well. Then, Sulfo-Cy3-Azide (11.65 pL of 5 mM in H2O, 58.3 nmol, 500 equiv.) and
4.25 L to reach a total volume of 45 pL was added and mixed again. The reaction mixture was stored
at r.t. over night and purified as described in section 3.1. The purified product was analysed via dPAGE
(section 1) and imaged before and after staining with GelRed® Nucleic Acid Stain (Figure S1B)

Oligo-oligo CUAAC: I) CUAAC between 5'-end propargyl-PHO labelled ODN1 and ODN4 (Scheme S2)
was performed by mixing the following components in a 1.5 mL tube: 5'-end propargyl-PHO labelled
ODN1 (15 L, 31.6 pmol, 1 equiv.) was mixed with 3 pL of activator solution (10X: 8 mM THPTA,
200 mM MgCl>*6H20 in 50% DMSO/50% H»0O (v/v)) and ODN4 (1.5 uL, 100 uM, 150 pmol, 5 equiv.).
Afterwards 2 pellets of heterogeneous catalyst and 10.5 pL nuclease-free H,O, to reach a final volume
of 30 uL, were added, mixed and the click reaction was performed on a thermomixer at 45°C for 1.5 h at
600 rpm. Afterwards the supernatant was removed, the catalyst pellets were washed two times with
20 pL nuclease-free H,O, combined with the supernatant and purified as described in section 3.1. The
purified product was analysed via dPAGE (section 3.1) and imaged after staining with GelRed® Nucleic
Acid Stain (Figure S1A).
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Scheme S2. 5'-end propargyl labelling and subsequent CUAAC of a deoxoligoribonucleotide (ODN1).
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3.5.2 Strain promoted azide-alkyne cycloaddition (SPAAC)

The T4 PNK catalysed 5'-end labelling reaction with Ns-ethyl-O-ATP (compound 9) as substrate was
performed as described in section 3.4.2 (5% PEG6000) with ODN1, ODN2 or ORN1 (50 pmol). The
purification and determination of concentration were, unless otherwise specified, performed as described
in section 3.1. For the Oligo-dye SPAAC the T4 PNK reaction of ODN1 and ODN2 was not purified (C)),
whereas for ORN1 the reaction mixture was purified as described above (D)). The oligo-oligo SPAAC
with ODN and ORNs, as well as oligo-dye SPAAC with ORN1 were performed following an adapted
procedure based on the protocol from Taemaitree et al.®! (Scheme S3).

Oligo-dye SPAAC: C) To 25 uL of the crude T4 PNK reaction mixture containing ODN1 or ODN2
(20 pmol, 1 equiv.) and Ns-ethyl-O-ATP (25 nmol, 1000 equiv.), 10 pL of DBCO-Sulfo-Cy3 (5 mM in H20,
50 nmol, 2000 equiv., purchased from Jena Bioscience) was added, mixed and stored at r.t. over night
and purified as described in section 3.1. The purified product was analysed via dPAGE (section 1) and
imaged before and after staining with GelRed® Nucleic Acid Stain (Figure S2A). D) 5'-end Ns-ethyl-PHO
labelled ORN1 (6.7 pL, 23.5 pmol, 1 equiv.) was added to DBCO-Sulfo-Cy3 (4.7 uL, 5 mM in H-0O,
23.5 nmol, 1000 equiv.), HEPES solution (4.2 yL of 0.1 M in H20, pH 7-7.6), NaCl solution (15.8 uL of
0.2 M in Hz0), of EDTA solution (1.4 uL, 0.1 M in H>0) and nuclease-free H,O (4.2 pL) to reach a total
volume of 37 pL and mixed well. The reaction mixture was stored at r.t. over night and purified as
described in section 3.1. The purified product was analysed via dPAGE (section 3.1) and imaged before
and after staining with GelRed® Nucleic Acid Stain (Figure S3).

Oligo-oligo SPAAC: 5'-end Ns-ethyl-PHO labelled ODN1, ODN2 or ORN1 (23.5 pmol, 1 equiv.), was
added to ODN3 (47 pmol, 2 equiv.), HEPES solution (4.2 puL of 0.1 M in H20, pH 7-7.6), NaCl solution
(15.8 pL of 0.2 M in H20), EDTA solution (1.4 pyL, 0.1 M in H20) and nuclease-free H.O to reach a total
volume of 37 pL and mixed well. The reaction mixture was stored at r.t. over night and purified as
described in section 3.1. The purified product was analysed via dPAGE (section 3.1) and imaged after
staining with GelRed® Nucleic Acid Stain (Figure S2B, S3).
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Scheme S3. 5'-end azido labelling and subsequent SPAAC of an oligoribonucleotide (ORN1) or oligodeoxyribonucleotide (ODN1, ODN2).
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3.5.3 Dual labelling and subsequent click reactions

(i) 3'- end labelling. ODN2 (10 uL, 10 uM, 100 pmol, 1 equiv.) was added to 3'-azido-2',3'-ddGTP (2 L,
10 mM, 20 nmol, 200 equiv., provided by baseclick GmbH), TdT Reaction Buffer (10 uL, 5X, purchased
from Thermo Scientific™), TdT (4 pL, 20 U/uL, Thermo Scientific™) and nuclease free H,O (24 L) to
reach a total volume of 50 puL and incubated at 37°C for 2 h. Then, the sample was purified, and the
concentration was determined as described in section 3.1.

(if) 5'- end labelling. ODN2-a (=3'-N3-dG-ODN2) (6.5 pL, 50 pmol, 1 equiv.), from the previous 3'-end
labelling (i), was heat denatured at 70 °C for 5 min and then immediately put on ice. After 5 min of
cooling, T4 PNK buffer (5 pL, 10X reaction buffer A), y-propargyl-O-ATP (5 L, 10 mM in H20, 50 nmol,
1000 equiv.), PEG6000 (10.4 pL, 24% solution), T4 PNK (5 uL, 10U/uL, purchased from Thermo
Scientific™) and 18.1 pL to reach a total volume of 50 pL, were added. The reaction mixture was mixed
by pipetting and incubated at 37°C for 3 h. The purification and determination of the concentration was
performed as described in section 3.1.

(iii) CUAAC on 5'- end. Purified product from the previous step (ii) (18 pL, 27.5 pmol, 1 equiv.) was
mixed with 5 pL of activator solution (10X: 8 mM THPTA, 200 mM MgCl,*6H-0 in 50% DMSO/50% HO
(v/v)) and ODN4 (1.38 L, 200 uM, 275 pmol, 10 equiv.). Afterwards 2 pellets of heterogeneous reactor
catalyst system and nuclease-free H,O (25.62 pL), to reach a final volume of 50 pL, were added, mixed
and the click reaction was performed on a thermomixer at 45°C for 1.5 h at 600 rpm. Afterwards the
supernatant was removed, the catalyst pellets were washed two times with 20 yL nuclease-free H;O,
combined with the supernatant and purified as described in section 3.1.

(vi) SPAAC on 3'- end. Purified product from the previous step (iii) (5 pL, 80 pmol, 1 equiv.) was added
to ORN2 (1.6 uL, 100 uM, 160 pmol, 2 equiv.), HEPES solution (4.2 pL of 0.1 M in H20, pH 7-7.6), NaCl
solution (15.8 pL of 0.2 M in H20), EDTA solution (1.4 pL, 0.1 M in H>O) and nuclease-free H,O (9 pL)
to reach a total volume of 37 puL and mixed well. The reaction mixture was stored at r.t. over night and
purified as described in section 3.1.

The purified products of the individual steps was analysed via dPAGE (section 3.1) and imaged after
staining with GelRed® Nucleic Acid Stain (Figure S4).

MALDI-TOF mass spectra of the individual labelling reactions, unmodified ODN2 and dually labelled
ODN2 (ODN2-b) can be taken from Table S5.

(i)TdT,

5 3-N3-2",3-ddGTP i) CUAAC, ODN4
(ii) T4PNK 5 v) SPAAC, ORN2 W /\/\
3 3 G-Nj
I\ ODN2
MN3 ODN4

DBCOM ORN2

Scheme S4. Dual labelling of ODN2 and subsequent click reactions.
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3.5.4 Circularization of ODN5 via SPAAC
(1) 3'- end labelling of ODN5 was performed as described in section 3.5.3 (i),

(I) 5'-end labelling. 3'-N3-dG-ODNS5 (7.75 pL, 50 pmol, 1 equiv.), from the previous 3'-end labelling (1),
was heat denatured at 70 °C for 5 min and then immediately put on ice. After 5 min of cooling, T4 PNK
buffer (5 yL, 10X reaction buffer A), y-Ns-ethyl-O-ATP (5 uL, 10 mM in H2O, 50 nmol, 1000 equiv.),
PEG6000 (10.4 uL, 24% solution), T4 PNK (5 yL, 10U/uL, purchased from Thermo Scientific™) and
16.85 pL to reach a total volume of 50 pL, were added. The reaction mixture was mixed by pipetting and
incubated at 37°C for 3 h. The purification and determination of the concentration was performed as
described in section 3.1.

(1) Circularization via SPAAC. Purified ODNS5 from the previous step (1) (11.54 pL, 40 pmol, 1 equiv.)
was heated to 70°C for 7 min and then slowly cooled to room temperature. Then, DBCO-PEG4-DBCO
(12) (0.6 pL, 10 mM in in 50% DMSO/50% H-0 (v/v), 6 nmol, 150 equiv., purchased from BroadPharm),
HEPES solution (4.2 pL of 0.1 M in H2O, pH 7-7.6), NaCl solution (15.8 pL of 0.2 M in H20), EDTA
solution (1.4 yL, 0.1 M in H20) and nuclease-free H,O (3.46 pL) to reach a total volume of 37 uL and
mixed well. The reaction mixture was stored at r.t. over night. The purification and determination of the
concentration was performed as described in section 3.1.

(IV) Digestion of linear and circular ODN5 with Mspl restriction enzyme. Unmodified ODN5 or
purified, labelled ODN5 from the previous step (lll) (1-6 pL, 9.5 pmol, 1 equiv.) was added to ODNG6
(9.5 L, 10 pM, 95 pmol, 10 equiv.), Tango Buffer (2 yL, 10X, purchased from Thermo Scientific™) and
nuclease free H,O (to reach a volume of 18 uL), mixed, heated to 85°C for 7 min and then cooled to
24°C with a ramp of 0.1°C/s. Then, Mspl (2 pL, 10U/uL, purchased from Thermo Scientific™) was added,
mixed by pipetting and incubated at 37°C for 16 h. The purification and determination of the
concentration was performed as described in section 5. The purified product was analysed via dPAGE
(section 3.1) and imaged after staining with GelRed® Nucleic Acid Stain (Figure S5).

ODN 5 unmodified displays small impurities of lower molecular weight, from SPS, which were also

confirmed via analytical HPLC. Thus, this fragments with a smaller molecular weight are present the lane
of the subsequent reaction steps.
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4. T4 PNK-mediated analogue hydrolysis assay (ADP-Glo Assay)

ECso values for T4 PNK-mediated hydrolysis of ATP analogues (compound 2, 4, 8, 9) to ADP were
measured as proxies for the affinity of T4 PNK to the ATP analogues. Relative ADP concentrations were
determined with the ADP-Glo™ Kinase Assay kit (purchased from Promega catalogue no. V6930)
following the optimised forward kinase reaction (section 5.3 with 5% PEG6000). Per test compound (ATP
analogue) and twice for ATP, wells 2 — 12 of one respective row of a 96-well plate (white, conical bottom,
Sarstedt, catalogue no. 72.1982.202) were filled with 15 pL each of the kinase reaction mix without T4
PNK (1 mM ATP analogue, 1 uM ODN1, 5% PEG 6000, 1X T4 PNK buffer A), keeping the plate on ice.
Wells one of each row were then filled with 30 UL each of the respective forward kinase reaction mixes
also containing 1 U/puL T4 PNK. 15 pL of each first well were then transferred to each second well and
thoroughly mixed by pipetting with a multi-channel pipette (Eppendorf), going through the wells for 1:2
dilutions until wells 11 were reached. The remaining 15 L were discarded, and wells 12 were left as no-
PNK controls. Two times 7 uL of each well were transferred to adjacent rows of new plates, producing
technical duplicates. ATP-kinase reactions were present on all plates as a positive control. The plates
were then sealed with adhesive film (GeneON catalogue no. A26979) and incubated at 37°C for 3 hina
thermal cycler with a heated lid (Analytik Jena). The ADP-Glo assay was then performed as per the
manufacturer’s instructions. Briefly, 7 pL of ADP-Glo Reagent was added to each well and incubated at
room temperature for 40 min. 14 pL of Kinase Detection Reagent was added to each well and incubated
for 30 min at room temperature. The luminescence per well was finally determined using a Tecan Infinite
M Plex plate reader with 250 ms integration time.

Luminescence values for the no-PNK controls were subtracted from all measurements of the same
compound in preparation for curve fitting. Data were fitted to a simple 4-parameter logistic model (Origin
2022 software) according to the formula below. The data was lastly scaled to the upper and lower
asymptote of each fit for ease of visualisation, where applicable.

The ATP analogues were present in a 1000-fold molecular excess to the ODNL1 in these tests, and thus
a relatively weak signal is expected for ADP stemming only from the labelling reaction, compared to a
signal obtained due to unspecific compound hydrolysis to form ADP.

Given that we previously observed instability of the N-linked alkyne 2, we speculate that the behaviour
of this molecule could mirror that of ATP in the labelling reaction following autohydrolysis. (Scheme S5).
On the other hand, ODN-independent ATP analogue hydrolysis by T4 PNK appears to be blocked by
stable conjugation of the y-phosphate, which is, however, not indicative of successful labelling in the
case of the S-linked alkyne 8. Adenosine 5'-(y-thio)triphosphate (ATP-yS) is a commonly used kinase
substrate for enzymatic protein labelling. It exhibits a greatly reduced specific constant with protein
kinase A (PKA) compared to ATP. ! The PKA mechanism of phosphorylation is also thought to involve
direct nucleophilic attack of the target peptide serine —OH and in-line transfer of the phosphate %, not
unlike T4 PNK-mediated phosphorylation. We, therefore, deduce that the sulphur atom itself interferes
with the core mechanism of phosphotransfer. The substrate specificity of the T4 PNK for the differing
ATP analogues is not immediately obvious from the detected labelling rates alone, given that analogues
with mostly short linkers lead to successful labelling but long linkers and bulky modifications also worked
in the case of azide 10 and ATP-biotin %, albeit to a lesser extent.

A: Upper asymptote

B—A
fX)=A+——= B: Lower asymptote
1+ (%) C: Inflection point or EC_,

D: Power or slope at inflection point
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Scheme S5. Hypothesized mechanism for the phosphorylation of ODN with y-N-linked ATP analogues.

5. Molecular docking analysis

Molecular docking analysis was performed based on the T4 PNK crystal structure available from PDB
entry 1RRC.*? The structure was prepared for docking by removing unbound atoms and ADP. Next, a
magnesium ion was added to the ATP binding pit, with its position inferred from the bacterial PNK
structure available from PDB entry 4MDE.!* Polar hydrogens were added using AutoDock Tools
(v1.5.7pl), and the structure was exported as a .pdbaqt file. The file was then edited to assign a charge
of +2 to the magnesium. Ligands were similarly prepared for docking using AutoDock Tools, adding polar
hydrogens and auto-selecting rotatable bonds. AutoDock Vina 24151 with the vinardo scoring function
(6l was used for docking (grid centre: X 7.384 Y 85.473 Z 111.532, grid size: X 16 Y 22 Z 14,
exhaustiveness: 100, random seed: 42). Docked poses in .pdbqt file format were converted to .sdf format
using OpenBabel (v2.3.1, Chris Morley, openbabel.org). Poses were then visualised using py3Dmol
(pypi.org/project/py3Dmol/) and RDKit (v2023.3.2, rdkit.org) for parsing.

The RMSD of the docked compounds a- and B-phosphate C-O-P-O-P backbone to those of the ADP
crystal structure pose was calculated using a custom Python script based on a solution described by
Angle Ruiz-Moreno  (https://chem-workflows.com/articles/2019/06/24/pose-clustering-of-docking-
results/), except that the RMSD calculation was not limited to the maximum common substructure, but
to the common C-O-P-O-P phosphate backbone substructure, anchoring the substructure search to the
phosphate ester. The key change to the script is provided:

o)

0
r=rdFMCS.FindMCS([mol,Chem.MolFromSmiles('POPOC")]) 7 T

The docking results revealed a high positional variability for the adenosine moieties of all compounds,
likely reflecting the known acceptance of T4 PNK towards different NTP substrates.!”) The phosphates
of nearly all analogues and ATP itself as a control (Figure S6 A), on the other hand, were orderly
positioned within the NTP binding pocket, and the y-phosphates mostly extended beyond the -
phosphate of the crystallographically recorded ADP ligand by one unit length and were well positioned
towards the ODN 5'- OH for nucleophilic attack and y-phosphotransfer. In these cases, y-modifications
involving relatively hydrophobic alkyl linkers folded over and away from the enzyme active site (e.g.,
Figure S6 B — E), possibly facilitating the y-phosphotransfer. Labelling was successfully detected in all
these cases, with the exception of the N-linked alkyne 2, which was presumed to be unstable under test
conditions. Labelling for long-linker azides 3 and 7, however, could not be detected. These compounds
feature hydrophilic PEG linkers, and the docking analysis showed that these linkers could become
embedded within the binding pit to compete with the polyphosphates, potentially disallowing the labelling
reaction to occur (Figure S6 F, G) and offering a plausible explanation for the experimental data.

We, furthermore, aimed to extract predictive value from the docking simulation by calculating the
difference in position of each compound’s a- and -phosphates compared to those of the crystal structure
ADP pose (Figure S6 H). Compared to ATP, y-modifications seemed to influence the correct positioning
of the phosphates, possibly explaining the reduced labelling efficiency. Indeed, labelling was the most
efficient for alkyne 4, which also had the smallest difference in pose compared to ADP from the crystal
structure of all analogues tested (except for allegedly unstable alkyne 2). Complementarily, binding
energies directly provided by the docking software also seemed to be good predictors of the general
possibility of labelling (Figure S6 H), although differences in pose seem to be more predictive of labelling
efficiency overall. Together, these results may allow in silico prediction of labelling from novel compounds
before the effort for their synthesis is made.
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SUPPORTING INFORMATION

a+B pho.

Bind. energy in

Entty  pmspin A kealmol
ATP (A) 2.1%098 -5.99+0.14
2(B) 157025 -6.68%0.11
3(C) 6.92£245 -415%0.16
4(D) 3.88:090 -6.25%0.27
7(E) 453:158 -2.46+0.28
9(F) 431%120 -597+0.23
10(G) 409£1.12 -6.65+025

{ [\

Figure S6. Rigid receptor docking of ATP analogues to the T4 PNK kinase active site based on PDB 1RRC. A-G: ATP binding pit of T4 PNK
kinase active site (grey surface representation), bound ADP (red stick model) and bound dinucleotide (blue stick model) in their respective
crystallographic poses, as well as nine docked poses per compound (thinner opaque stick models). H: Table of compounds per panel as well
as RMSD in angstrom of each compound’s a and 8 phosphates to the a and 8 phosphates of the crystallographic ADP pose, as well as binding

energies, including standard deviations. RMSD: Root Mean Squared Difference.

27



6. NMR spectra of synthesised compounds
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'H spectrum of compound 3

NH,
N X
N
7
0 o g 9 o SAY
Ny 07T TN ON-P-0-P-0-P-0
Ho o o o
OH OH
14 NMR (400 MHz, D20)
D(s) H(m)|| F (m)
8.53 76 || 4.21
B(S) cQ@ E (m) (m)
8.25 (6.19) 4.55 B.61
G (m)
4.37
_l J ¥ Y
BT T it e
.I.S 11|.0 10|.5 ICL.EI 9{5 9?0 8.|5 B{O 7j5 7.ID 6‘.5 GjO 5.|5 510 4I.5 ‘ 4.|[I 315 3I0 2|5 ZIEI 1I.5 1‘0 OIS UIO
f1 (ppm)
H, 3P {*H} and HSQC spectra of compound 4
NH,
N
e
e 9 9 N
&~ 0-P-0-P-0-P-0
| | |
o O O ©
OH OH
H NMR (500 MHz, CD30OD) —
m
4.56
A)| |B(s) Cd) D (m) |[F (m) G ()
8.64 8.19 6.11 4.66 || 4.24 2.75
P ¥ Y i
g 8 z 2 2 g
5 9:0 815 8.0 7:0 6“5 6|.0 5:5 510 4|5 4.0 3.|5 3?0 2:5 2fn 1:5 l,ID CI‘.S
1 (ppm)

30



N N
4
o o o AL
T 0-P-0-P-0-P-0
| | |
(0] O (e} o]
OH OH

31P {*H} NMR (202 MHz, CD30D)

) da(m

/2 i

1.00
0.78

T T T T T T T : -
12 -4 -6 -8 20 -2 24 26

f1 (ppm)

T
-10

13 C {*H}-*H HSQC NMR (201-500 MHz, CD30OD)

Lokl d
3!

L -

T
-28

100

riio

F120

F130

140

F150

T T T T T T T T T T T T T T T T T
3.0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 25 20 15 10
2 (ppm)

31

T
-30

f1 {(ppm)

T
-32



IH, 13C {*H} and 3P {*H} spectra of compound 5
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IH, 13C {*H} and 3P {*H} spectra of compound 6
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'H and 3P {*H} spectra of compound 7
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IH, 13C {1H} and 3!P {*H} spectra of compound 8
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8.2 NMR Spectra of Unpublished Work
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31p NMR (CD30OD, 202 MHz)
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